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Evidence suggests that individuals with high-functioning autism spectrum disorder 
(ASD) may be particularly inclined toward math proficiency, especially in adulthood. 
There is also evidence, however, that many of those with an ASD struggle in math as 
children compared to their typically-developing peers. These ostensibly inconsistent 
findings may indicate that individuals with an ASD struggle with number sense, a 
precursor to formal math, rather than with formal math per se. This account is compatible 
with evidence of a specific form of neural dysregulation, excitatory/inhibitory imbalance, 
in ASD that results in reduced signal-to-noise ratios (SNR) for processes that occur in 
downstream neural regions (such as association cortex). Based on this view, formal math,  
a task with enhanced SNR due to standardization, would likely be intact for individuals 
with an ASD, while number sense, a domain localized to association cortex that lacks 
SNR enhancement via standardization, would take longer to sufficiently refine and would 
delay formal math acquisition for this population. The current studies examined whether 
a neural dysregulation account of ASD effectively predicts and explains numerical 
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cognition performance across ASD traits. Experiment 1 examined whether scores on the 
Autism-Spectrum Quotient and the Systemizing Quotient predict performance on 
measures of numerical cognition consistent with a neural dysregulation account and in 
contrast to a traditional hyper-systemizing account of ASD. Experiment 2 examined 
whether strengthening the stimulus signal by presenting stimuli multimodally improves 
number sense performance across the range of ASD traits, as well as whether 
manipulation of high-level stimulus features affects multisensory integration in a manner 
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ASD and Mathematics 
The mathematic abilities of individuals with high-functioning ASD1 compared to 
the general population have been studied at length; however, the results of this research 
have produced an unclear picture (Iuculano et al., 2014; Oswald et al., 2016; see also 
review in Kim & Cameron, 2016). Numerous studies have suggested that there is a link 
between ASD and mathematical proficiency, especially later in life (Baron-Cohen et al., 
2001; Baron-Cohen et al., 2007; Baron-Cohen et al., 2009; Baron-Cohen & Lombardo, 
2017; Baron-Cohen et al., 2003; Iuculano et al., 2014; Wei et al., 2013). For example, 
Baron-Cohen et al. (2001) found that across social science, humanities, mathematics, and 
science students at Cambridge University, mathematicians scored the highest on the 
Autism-Spectrum Quotient (AQ, Baron-Cohen et al., 2001), a measure of ASD traits. Wei 
et al. (2013) also found abnormally high STEM participation by ASD students at the 
college level. Baron-Cohen et al. (2007) found that mathematics undergraduates were 
significantly more likely than undergraduates in social science, medicine, or law to be 
diagnosed with an ASD or have a relative with an ASD. A preliminary genomic study 
also found an association between math achievement and a single nucleotide 
polymorphism located in a region on chromosome 3q29, a region linked to ASD (Baron-
Cohen et al., 2014; Sagar et al., 2013). 
Research has also demonstrated, however, that individuals diagnosed with an 
ASD tend to struggle with math in childhood. For example, Bae et al. (2015) found 
 
1 The current studies focused on high-functioning ASD (HFA), also referred to as ASD without intellectual 
disability (the cutoff for which is standardly an IQ of 75). All references in the current study to ASD refer 
to this population unless otherwise specified.   
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significantly lower word-problem performance for fourth- and fifth-grade children with 
an ASD than for typically-developing (TD) children. Aagten-Murphy et al. (2015) found 
that 8- to 13-year-old children with an ASD performed below TD peers on the 
Mathematical Reasoning and Numerical Operations subtests of the Wechsler Objective 
Numerical Dimension (WOND; Rust, 1996). Chen et al. (2019) found that children 7 to 
12 years old with an ASD scored significantly lower on Numerical Operations and 
Mathematical Reasoning subtests of the Wechsler Individual Achievement Test (WIAT-II; 
Wechsler, 2001) than did controls matched for age and full-scale IQ.  
 It is important to note that when learners do show math deficits, many studies 
indicate these deficits are not static (Barnett & Clearly, 2015; Bullen et al., 2020; 
Gevarter et al., 2016; Wei et al., 2015). Wei et al. (2015) found that even though 
approximately one-third of their sample (6- to 9-year-old children with an ASD) showed 
mathematical abilities two standard deviations below the national average, these abilities 
increased across three timepoints. Similarly, although Bullen et al. (2020) found that 
math performance for ASD children (8 to 15 years old) was significantly lower than their 
TD peers across a 30-month period, they also reported growth over time and that this rate 
of growth was comparable to TDs. In addition, reviews of math interventions for learners 
with an ASD indicate that these learners’ mathematic skills can improve with assistance 
(Barnett & Cleary, 2015; Gevarter et al., 2016; King et al, 2016).  
 
Numerical Cognition 
Number Sense. These findings taken together may indicate that individuals with 
an ASD are not impaired in formal math per se, but may experience difficulty with an 
early numerical perceptual ability on which formal math may be predicated. This ability 
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is referred to in cognitive psychology and neuroscience literature as numerosity or 
number sense (Dehaene, 2001; Eger et al., 2003; Von Aster, 2000).2 Number sense, 
which has been detected in non-human primates and in infants as young as 50 hours old, 
allows individuals to perceive with some accuracy the quantity property of a set of 
discrete objects without the use of symbols or counting (Izard et al., 2009; Nieder, 2016). 
Without this ability to represent non-symbolic quantity, it is unclear how 
successfully an individual can acquire formal math (Butterworth, 1999; Dumontheil & 
Klingberg, 2011; Hubbard et al., 2005; Libertus et al., 2011; Mazzocco et al., 2011; Starr 
et al., 2013; Szucs et al., 2013). Butterworth (1999) proposed that the ability to learn 
abstract, linguistic representations of quantity depended first on the accurate perception 
of small quantities. In a study designed to test this idea, Penner-Wilger et al. (2007) found 
that first graders’ performance on a numerical perception task (enumerating 1 to 6 red 
circles) was concurrently predictive of their calculation skill, as measured by the 
Woodcock-Johnson. Fischer et al. (2008) gave 7- to 17-year-olds with and without 
arithmetic deficit, as measured by either the Zareki or DEMAT, a similar measure 
(enumerating 1 to 8 circles) and found that those in the group with deficit were slower 
and less accurate for all quantities. Libertus et al. (2011) measured acuity for quantities 5 
to 22 as well as formal math ability and verbal skills for 3- to 5-year-olds. The authors 
found that numerical perception acuity was predictive of scores on the Test of Early 
Mathematics Ability, Third Edition (TEMA-3; Ginsburg & Baroody, 2003) even when 
 
2 It warrants noting that the term “number sense” is used more broadly in other domains. For example, 
educational psychology literature uses the phrase “number sense” to refer to a collection of adaptive skills 
and concepts surrounding not only quantity as a specific parameter, but also computational fluency and 
conceptual cohesion of the number system (Anghileri, 2000; Shumway, 2011). The present study deals 
specifically with the concept of intuitive number sense investigated in cognitive neuroscience. It is also 
worth noting that in this latter domain, number sense and numerosity are often used interchangeably, an 
approach adopted in the present study as well. 
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controlling for a child’s age and verbal ability. Similarly, Mazzocco et al. (2011) 
observed that preschoolers’ discriminability in a forced-choice, numerosity-array 
comparison task (quantities 1 to 14) predicted performance on the TEMA-3 two years 
later. Importantly, the study found that this predictive power held uniquely for math 
achievement and not for other non-numerical domains of cognitive performance.  
Early studies examining the processing of small quantities in learners with an 
ASD have suggested a preference for serial counting over perceptual approximation, 
which lead to speculations that individuals with an ASD may be impaired in this area 
(Gagnon, et al., 2004; Jarrold & Russell, 1997; Russell et al., 1996). Some of the 
paradigms used, however, resulted in interpretative limitations (Gagnon et al., 2004).3 In 
an attempt to address many of these limitations, Gagnon et al. (2004) gave fourteen 
individuals with an ASD (?̅?𝑎𝑔𝑒 = 15) and fourteen age- and FSIQ-matched TD controls 
a quantity perception task (enumerating arrays of 2 to 9 squares) with no distractors and 
with instructions to respond as quickly and accurately as possible. The authors found 
comparable response times and error rates for both groups, with response times 
increasing as quantity increased, as expected. Although these results seem to suggest no 
ASD impairment, a closer examination of response times for quantities 3 to 5 revealed a 
slope difference between the two groups such that TDs showed a steeper change in 
response time than ASDs. This was taken to suggest that individuals with an ASD were 
more likely to default to a less efficient serial counting strategy instead of perceptual 
approximation even for small quantities. 
 
3 These limitations include instructions to “count” stimuli rapidly in Jarrold and Russell (1997, p. 29), and 




The study by Gagnon et al., however, also has limitations affecting 
interpretation.4 In an attempt to more effectively measure perceptual approximation, 
Aagten-Murphy et al. (2015) used a forced-choice display that instructed TD children and 
children with an ASD (8 to 13 years old) to choose which image displayed more marbles. 
Two side-by-side panels of dots were presented simultaneously for 500 ms and 
participants were instructed to touch the side of the screen with the higher numerosity. 
One of the panels always included the reference quantity of 48 dots, and the comparison 
panel numerosity varied by means of trial-by-trial update using Watson and Pelli’s (1983) 
QUEST algorithm to estimate the point of subjective equality, a measure of the pairwise 
difference at which the panels are perceived to be equal. Weber ratios of numerosity 
discriminability were also computed for all participants. The authors found that children 
with an ASD were less precise than their TD peers (i.e., exhibited larger Weber ratios), 
requiring greater differences between the display quantities on average to accurately 
determine the larger quantity.  
In a similar study, Hiniker et al. (2016) gave TD children and children with an 
ASD (7 to 12 years old) displays of green dots for 1500 ms that ranged in quantity from 2 
to 9. The authors found that the ASD and TD groups did not significantly differ in 
response time; however, the ASD group was significantly less accurate and required 
greater differences in quantities to make accurate judgements. Thus, there does appear to 
be evidence suggesting that individuals with an ASD struggle with number sense 
 
4 These limitations include excluded direct groupwise comparisons of ASD and TD participants regarding 
smaller numerosity ranges (partially addressed in O’Hearn et al., 2013) as well as a verbal response 
protocol that may conflate language processing and numerical cognition in response patterns.  
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compared to their TD peers (Aagten-Murphy et al., 2015; Gagnon et al., 2004; Hiniker et 
al., 2016).  
These studies also demonstrate, however, that individuals with an ASD do not 
lack number sense; these learners appear able to perceive and approximate quantity, just 
not as precisely as their TD peers. In other words, learners with an ASD have mental 
representations for quantity on which they can map number symbols. Sufficiently acute 
representations, however, may take more time and/or effort for individuals with an ASD 
to acquire, resulting in symbolic number system and formal math acquisition delays, 
consistent with findings of growth in these abilities over time.     
Aagten-Murphy et al. (2015) and Hiniker et al. (2016) also examined the 
relationship between the number sense acuity of children with an ASD and their formal 
math performance. This pattern, however, is less clear. Although Aagten-Murphy et al. 
found that children with an ASD performed significantly below TD peers on 
Mathematical Reasoning and Numerical Operations subtests of the WOND they found no 
significant correlation between number sense acuity and math performance for either TDs 
or individuals with an ASD, nor did they find number sense significantly predictive of 
math performance using a regression model. In contrast, Hiniker et al. (2016) found no 
difference in math performance between 7- to 12-year-old TD children and children with 
an ASD of the same age and IQ. The authors did, however, find a significant partial 
correlation between number sense acuity (given as Weber fractions) and composite math 
score (derived by combining the Mathematical Reasoning and Numerical Operations 
subtests of the WIAT-II) for both TDs and children with an ASD while controlling for 
symbolic number acuity. 
 
7 
Symbolic Number System. It is postulated that once number sense has been 
sufficiently developed learners are able to map a symbolic number system onto their 
representations of quantity (Wang et al., 2016; Rathé et al., 2019). Recruiting the concept 
of quantity for use in solving complex problems benefits greatly from mapping quantities 
onto standardized symbols (Ashcraft & Krause, 2007). For example, manipulating 
quantity concepts requires overcoming limitations of memory (e.g., sensory memory 
duration, working memory capacity), which is why mental arithmetic is more difficult 
than written arithmetic (Ashcraft & Krause, 2007; Dehaene, 2011; Raghubar et al., 2010). 
In addition, the use of concrete manipulatives for quantity, even small objects (e.g., 
beads), requires overcoming limitations of space (Dehaene, 2011). For example, 
performing calculations with large numbers or several steps can be unwieldy on an 
abacus. Consequently, working with large quantities and solving complex problems is 
considerably improved by the acquisition of an efficient written notation system 
(Dehaene, 2011). While the types of numerical relationships expressed throughout 
systems differ substantially, all such systems are predicated on successfully creating 
corresponding symbols for the abstract numerosities being utilized. 
Consistent with this view, measures of children’s performance on tasks requiring 
the symbolic number system suggest that it is predictive of later formal math 
performance (Hiniker et al., 2016; Hornung et al., 2014; Jordan et al., 2007; Jordan, 
Glutting, and Ramineni, 2010; Jordan, Glutting, Ramineni, & Watkins, 2010). Jordan, 
Glutting, and Ramineni (2010) found that first-graders’ performance on a number sense 
battery, including comparison of symbolic numbers, predicted third grade math 
performance. Similarly, Sasanguie et al. (2013) measured symbolic comparison 
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performance for 6- to 8-year-olds and found that scores on this task predicted 
performance on both a timed arithmetic test (Tempo Test Rekenen, TTR; De Vos, 1992) 
and a curriculum-based math achievement test. Desoete et al. (2010) showed that among 
kindergarteners, symbolic comparison of Arabic digits significantly predicted simple, 
procedural calculation ability two years later. Similarly, Scalise and Ramani (2021) found 
that preschoolers’ symbolic magnitude comparison abilities significantly predicted their 
procedural addition skills three to four months later. 
The relationship between symbolic number ability and formal math has been less 
explored for learners with an ASD. Aagten-Murphy et al. (2015) found that children (8 to 
13 years old) with an ASD made significantly more errors on a symbolic numberline 
tasks than TD peers. Although the authors did not find a significant relationship between 
number sense and formal math, they did find that ASD performance on these spatial, 
symbolic measures significantly correlate with mathematical performance, even when 
age and IQ were controlled. The authors also found that performance on one of their 
numberline tasks (1-1000) was significantly predictive of their math composite score 
(Mathematical Reasoning and Numerical Operations from the WOND) in a regression 
model that included age, IQ, and diagnostic status. 
Hiniker et al. (2016) found that children (7 to 12 years old) with an ASD showed 
no difference than TDs in accuracy, RT, or Weber fraction on an Arabic symbols 
comparison task. The authors also found that symbolic Weber fractions significantly 
correlated with a math composite score (WIAT subscales) for both TD children and 
children with an ASD. Regression analyses controlling for age and IQ indicated that 
neither number sense nor symbolic number acuity predicted math performance for TD 
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children; however, both measures remained significant for children with an ASD, with 
symbolic number acuity showing the stronger relationship. The authors further found that 
a model for symbolic number acuity added predictive power for math performance over a 
number sense model, however, the reverse was not true.  
Hiniker et al. (2016) also conducted mediation analyses examining the 
relationship among symbolic number, non-symbolic number and formal math 
performance for each group. Hiniker et al.’s (2016) findings suggest that while both non-
symbolic number acuity and symbolic number acuity predict formal math performance 
for children with an ASD, the dominant predictive factor was symbolic number acuity. 
This, however, was not found for TDs. A closer examination of the series of regressions 
supporting this finding shows that the standardized 𝛽 coefficients for these two predictors 
in models predicting formal math performance for TDs were nearly identical 
(?̂?log⁡(w𝑑𝑜𝑡𝑠) = −0.11; ?̂?log⁡(w𝑑𝑖𝑔𝑖𝑡𝑠) = −0.11); however, building similar models for 
children with an ASD, the standardized 𝛽 coefficients for these two predictors exhibited a 
greater difference (?̂?log⁡(w𝑑𝑜𝑡𝑠) = −0.27; ?̂?log⁡(w𝑑𝑖𝑔𝑖𝑡𝑠) = −0.37). Similarly, when 
estimating Pearson partial correlation coefficients for each of these predictors and formal 
math achievement, there is a greater observed difference in correlations for individuals 
with an ASD than for TDs (TD: 𝑟⁡log⁡(w𝑑𝑜𝑡𝑠) = −0.29, 𝑟⁡log⁡(w𝑑𝑖𝑔𝑖𝑡𝑠) = −0.38; ASD: 
𝑟⁡log⁡(w𝑑𝑜𝑡𝑠) = −0.36, 𝑟⁡log⁡(w𝑑𝑖𝑔𝑖𝑡𝑠) = −0.50). While these differences are not extreme, 
they might provide a possible explanation for the observed pattern of differences between 





Neural Correlates of Numerical Cognition 
Number Sense. The ability to perceive the quantity parameter of a stimulus (i.e., 
number sense) has been explored at length in neurophysiological research, as well, 
establishing candidate neural substrates in a frontoparietal network similarly in humans 
and other primates (Ansari & Dhital, 2006; Cantlon et al., 2006; Nieder & Merten, 2007; 
Nieder & Miller, 2004; Okuyama et al., 2015; Sawamura et al., 2009). The central 
functional region with which activation is most consistently correlated in number sense 
tasks is the horizontal segment of the intraparietal sulcus (IPS) in the posterior parietal 
region of association cortex bilaterally separating the superior and inferior parietal 
lobules (e.g., Dehaene et al., 2004; Dormal et al., 2012; Eger et al., 2003; Izard et al., 
2008; Piazza et al., 2004).  
Neurophysiological research in primates has identified a class of neurons, so-
called “number neurons”, that are uniquely tuned to the numerosity of a stimulus. It is the 
computational parameters of this neuronal population that give rise to the perceptual 
category of quantity (Hubbard et al., 2005; Piazza et al., 2004). In other words, 
subpopulations of number neurons fire in response to many stimulus quantities, however, 
they fire maximally for a preferred stimulus quantity (Nieder, 2016). The distribution of 
these firing profiles is logarithmically compressed, obeying the Weber-Fechner law 
(Dehaene, 2003; Nieder & Miller, 2003; cf. Billock & Tsou, 2011), which states that 
linear increments in stimulus discriminability are proportional to logarithmic increments 
in stimulus magnitude (𝑃 = 𝑘 log(𝐼); Fechner, 1860). Specifically, the normalized 
average responses to varying numerosity inputs follow a lognormal distribution (i.e., their 
output rates assume a Gaussian distribution when their inputs are plotted on a logarithmic 
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scale, as predicted by the Weber-Fechner law). To wit, the rate at which these neurons 
fire decreases as the distance between the stimulus’ numerosity and their preferred 
numerosity increases.  
This computational profile is also strikingly consistent with behavioral findings 
for humans in the numerosity literature (Nieder, 2016). For example, this model predicts 
the well-documented differences between perception of very small quantities (i.e., 4 or 
fewer) and perception of larger quantities (i.e., 5 or greater), as small quantities have a 
natural limit to the potential overlap in their tuning curves resulting in faster detection 
and less imprecision. This model is also consistent with canonical phenomena of 
numerosity perception, such as the size effect (i.e., smaller number pairings are easier to 
discriminate than larger number pairings) and the distance effect (i.e., distant number 
pairings are easier to discriminate than nearer number pairings) (Pinel et al., 2007). In 
addition, in an fMRI study of TD 3- to 6-year-old children completing a numerical 
discrimination task, Kersey and Cantlon (2017) compared neural tuning curves to 
behavioral performance curves at the individual level. Although, the individual level is 
generally subject to a larger error term than group-level models, the authors found a 
strikingly high correlation between individual children’s neural and behavioral tuning 
curves (𝑟 = 0.93, 𝑝 < 0.00001).  
This model is also supported by studies of number sense dysfunction. In humans, 
disruption of this system has been associated with dyscalculia. For example, individuals 
diagnosed with Turner syndrome, a chromosomal disorder that often manifests 
dyscalculia, often exhibit parietal atrophy in general as well as substantial alterations in 
the shape and size of the IPS in particular, including decreased maximal depth and 
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irregular branching patterns (Molko et al., 2003). Price et al. (2007) also observed that a 
sample of children diagnosed with developmental dyscalculia (?̅?𝑎𝑔𝑒 = 11.43) exhibited 
significantly less intraparietal modulation in response to increasing distance between 
numerical stimuli than was observed in TD age-matched controls.  
Symbolic Number System. Representing quantities with symbols requires not 
only that number sense be sufficiently developed to provide a reliable referent, but also 
intact symbol recognition and a mechanism with which to map these symbols onto the 
quantity representations (Cantlon et al., 2009), a complex system integrating numerous 
cortical regions. While numerosity computations proceed via the dorsal stream through 
medial occipital cortex and the posterior superior parietal lobule (PSPL) toward the IPS 
(Knops, 2017; Santens et al., 2010), symbol recognition and categorization proceed 
toward ventral occipitotemporal cortex (superior temporal gyrus [STG] for audition), 
which, in turn, directly activates the IPS (Dehaene, 2007; Santens et al., 2010). fMRI 
research has demonstrated an association between frontoparietal functional connectivity 
and matching number symbols to their non-symbolic referents (Emerson & Cantlon, 
2012). Intracranial EEG has also implicated posterior inferotemporal cortex in number 
symbol recognition (Pinheiro-Chagas et al., 2018). 
 
Excitatory/Inhibitory Imbalance in ASD 
Neurobiological models of ASD have been repeatedly characterized by broad 
disruption in the ratio of excitatory and inhibitory activity throughout the brain (Auerbach 
et al., 2011; Nelson & Valakh, 2015; Rubenstein & Merzenich, 2003; Xu et al., 2014). 
These alterations are consistent with the categorization of ASD as a pervasive 
developmental disorder and with key comorbidities, such as substantially increased rates 
 
13 
of epilepsy (Nelson & Valakh, 2015). Moreover, such alterations predict an array of 
behavioral findings evidenced in ASD, such as restricted and repetitive behaviors, 
decreased cognitive flexibility, and preservation or enhancement of low-level perception 
(Hines et al., 2008; Rosenberg et al., 2015; Silverman et al., 2015). 
This form of neural dysregulation, known as excitatory/inhibitory (E/I) 
imbalance, appears likely to originate from multiple potential genetic alterations. For 
example, Hussman et al. (2011) used a genome-wide association study to identify a 
subset of ASD-risk genes, such as GABBR2 and GRIK2/4, involved in encoding elements 
of GABAergic and glutamatergic receptors respectively. In addition, Nelson and Valakh 
(2015) also reviewed altered activity of numerous genes and gene products, such as 
SHANK3, NRXN1, neuroligins 1-4, and guanine deaminase, involved in synaptic 
formation and maturation as part of ASD pathologies.  
Multiple transcriptional factors have also been noted as having a high likelihood 
of contributing to altered neurodevelopment in ASD. For example, Wang et al. (2009) 
report two genome-wide association studies that include among their genotyped and 
imputed markers the transcriptional factor FEZF2, which has been clearly evidenced to 
play a significant role in cortical gene expression subserving corticofugal network 
connections (see Kwan [2013] for a review). Similarly, Bowers and Konopka (2012) 
detail the potential impact of the FOXP family of cortical transcription factors on brain 
development, including altered language development. Estruch et al. (2018) expanded 
this further to identify the complex set of interactions between the FOXP family and five 
other cortical transcription factors relevant to ASD neurodevelopment processes. 
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These alterations impact early brain formation including neuronal proliferation, 
migration, and connectivity from embryonic development onward. Such early conditions 
can easily result in the disruption of E/I ratios in upstream regions, the output of which 
drives the appropriate tuning of downstream regions. Consequently, maturation of these 
downstream regions, such as limbic areas and association cortex, becomes a function of 
imbalanced inputs (Nelson & Valakh, 2015). 
Exacerbating this problem is the role of homeostatic regulators, a family of 
mechanisms whose function is to prevent extreme states of network activation 
(Bourgeron, 2015). Multiple homeostatic regulators are likely to be compromised in ASD 
(Krey & Dolmetsch, 2007; Mabb et al., 2011; Pizzarelli & Cherubini, 2011; Yang et al., 
2014; Xu et al., 2018). For example, release of brain‐derived neurotrophic factor (BDNF) 
from postsynaptic neurons appears to facilitate enhancement of presynaptic activity as a 
mechanism of circuit homeostasis (Jakawich et al., 2010). Both BDNF and its encoding 
gene exhibit altered expression in many individuals with an ASD, leading to the 
supposition that it plays a substantial role in ASD pathogenesis (Cheng et al., 2009; 
Nishimura et al., 2007).  
As a result, downstream regions are likely to experience upregulated excitability 
consistent with epileptiform activity and broad neuronal tuning curves (Bourgeron, 2015; 
Chistiakova et al., 2015; Nelson & Valakh, 2015; Pachitariu et al., 2016). In other words, 
homeostatic regulators should function to compensate for reduced excitatory outputs 
from upstream regions by upregulating downstream circuit excitability to an adaptive 
level. However, compromised regulators in the ASD brain overcorrect, resulting in 
overexcitability of downstream targets (Nelson & Valakh, 2015). This suggests a 
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distinctive E/I profile for individuals with an ASD, with a tendency toward excessive 
inhibition (i.e., signal overfitting) in upstream regions and excessive excitation (i.e., 
signal underfitting) in downstream regions, resulting in signal propagation that is poorly 
suited to signal abstraction in the higher-order receptive fields of association cortex.5 
Upstream Visuospatial Processing. An E/I imbalance account is consistent with 
findings that individuals with an ASD show enhanced performance for low-level versus 
high-level visuospatial tasks (Allen & Chambers, 2011; Jobs et al., 2018; Kim & 
Cameron, 2016; Mitchell & Ropar, 2004; Muth et al., 2014; O’Riordan & Plaisted, 2001; 
Shah & Frith, 1993). Individuals with an ASD or above-average ASD traits have often 
been shown to exhibit high ability for decomposition and disembedding tasks in which 
attention to details of a stimulus facilitate task performance (Almeida et al., 2010; Shah & 
Frith, 1993; Stewart et al., 2009). Similarly, individuals with these traits are quicker than 
TD controls on single- and conjunctive-target visual search tasks (Mottron et al., 2003; 
O’Riordan et al., 2001; O’Riordan & Plaisted, 2001).  
However, when the visuospatial task requires higher-level processing, no 
enhancement is found, and deficits may appear. Van der Hallen et al. (2019) reviewed 48 
studies on global motion thresholds as a measure of high-level visual processing used to 
compare global perception in TD individuals and individuals with an ASD. Across 
paradigms (i.e., biological motion, coherent motion) and controlling for key covariates 
(e.g., age and IQ), individuals with an ASD were estimated to exhibit slightly higher 
 
5 Overfitting here refers to the neural dynamics that lead to attempting to incorporate every idiosyncrasy of 
a stimulus presentation into the neural representation, while underfitting refers to the failure to identify a 
clear trend in the stimulus presentation (Bakouie et al., 2009; Van de Cruys et al., 2014). This is similar to 
the usage of such terms in statistics and machine learning (Hastie et al., 2016; Kuhn & Johnson, 2013). 
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global motion thresholds (Hedges’ g = −.30).6 Studies on face processing suggest a 
similar result; as higher-level perceptual task demands are increased, visuospatial 
enhancements decline (Behrmann et al. 2006; Gross, 2005). 
The seemingly inconsistent findings across these visuospatial tasks are explained 
by an E/I imbalance account which predicts overfitting in upstream regions (e.g., striate 
cortex, early extrastriate cortex) but overexcitability in downstream regions (Bertone et 
al., 2003; Spencer et al., 2000). Perturbation of γ-band synchronization along the dorsal 
visual stream has been repeatedly noted in children with an ASD (Milne et al., 2009; 
Stroganova et al., 2012; Sun et al., 2012), suggesting low binding of stimulus features 
consistent with high-specificity, low-invariance processing. In other words, what often 
manifests behaviorally as a low-level task advantage may actually be the same neural 
dysregulation that results in later deficits. 
Number Sense. Behavioral findings of visuospatial enhancements combined with 
evidence that number sense is scaffolded onto visuospatial ability led Hiniker et al. 
(2016) to predict that individuals with an ASD would outperform their TD peers on a 
number sense task. This prediction, however, does not take into account the 
compounding effects of E/I imbalance for downstream processes, such as number sense. 
In other words, neural dysregulation may lead to less inhibition of neighboring number-
specific subpopulations resulting in broader tuning curves and less precise perception of 
quantity for individuals with an ASD. Given that individuals with an ASD exhibit 
reduced perceptual ability and broadened tuning curves for other tasks requiring 
downstream visual processing, such as complex motion (Bertone et al. 2005) and face 
 
6 Importantly, Kendall’s rank correlation coefficient confirmed no publication bias in the studies included 
(𝜏 = .006, 𝑝 = .89). 
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processing (Dawson et al., 2010), this account is plausible. Consequently, an E/I 
imbalance account of ASD may elucidate some of the unexpected findings of ASD 
numerical cognition research. 
Although little direct investigation of IPS functioning in ASD exists, the results of 
Hiniker et al. (2016) and Aagten-Murphy et al. (2015) are consistent with the idea that 
dysregulated E/I ratio may be affecting these individuals’ ability to precisely perceive 
quantity. Both research teams found clear deficits in visual number sense discrimination 
tasks for individuals with an ASD, suggesting marked impairments in processing that 
occurs in highly integrated, downstream visuospatial processing, a category that includes 
the IPS. 
Symbolic Number and Formal Mathematics. Although regions of the brain 
involved in symbolic processing may be affected by the same pervasive issue of E/I 
imbalance as number sense, the acquisition of the symbolic number system has an 
advantage that the acquisition of number sense does not have: stimulus standardization. 
Symbolic number stimuli have a standardized connection to their corresponding quantity 
with an explicit, relatively consistent, and highly repetitious method of presentation. At 
the neural level, this provides a lower-variance training set (i.e., reduced stimulus 
dimensionality) than that which is presented to the IPS for quantity abstraction, such that 
tuning properties in regions dedicated to object/symbol recognition may be more easily 
shaped (Riesenhuber & Poggio, 2000; Iuculano et al., 2014). This is further consistent 
with findings of deficits in the recognition of moving, but not static, stimuli in ASD 
(Dawson et al., 2005; Perrett et al., 1992; Schultz et al., 2000) as the former includes 
increased dimensionality requiring higher levels of computational abstraction. Based on 
 
18 
these principles, the E/I imbalance account of ASD suggests that affected individuals 
should recognize, and thus make use of, the quantity represented by a number symbol 




In addition to task performance, ASD preferences may also be consistent with an 
E/I imbalance account. The proclivity of individuals with an ASD to abstract rigid rules 
is referred to by Baron-Cohen et al. (2009) as hyper-systemizing. Baron-Cohen et al. 
(2009) describe systemizing as a cognitive style that identifies replicable, reliable rules in 
order to understand how a system works. Although, according to Baron-Cohen & 
Lombardo (2017), all individuals systemize to some degree, individuals diagnosed with 
an ASD are more likely to hyper-systemize than others. For example, in earlier literature 
Frith (1972) found that when children with an ASD sequence stimuli, they do so using 
regularly repeating patterns to derive rigid rules (e.g., A-B, A-B, A-B). Using a measure 
of their own design, the Systemizing Quotient (SQ, Baron-Cohen et al., 2003) found that 
individuals with an ASD tended to score significantly higher on the SQ than did matched 
controls. 
Although Baron-Cohen et al. (2003) postulate that individuals with an ASD 
systemize due to a preference and talent for recognizing rigid rules in order to make 
predictable sense of the world, this conception has some limitations. For example, 
neuroeconomics generally argues that all learners prefer high predictability, all else being 
equal (Braeutigam, 2005; Grupe & Nitschke, 2013); a hyper-systemizing view would 
need to account for why individuals with an ASD exhibit a higher preference than do TD 
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individuals. This problem is not resolved by Baron-Cohen et al.’s (2009) conception of 
hyper-systemizing as a tendency to utilize higher than average attention to detail to create 
these rules. Specifically, this account is unable to explain why individuals with an ASD, 
if they are in fact predisposed to becoming an “expert in recognizing repeating patterns” 
(Baron-Cohen et al., 2009, p. 1377), often perform more poorly than TD individuals on 
tasks with implicit rules that involve repeating patterns, including understanding facial 
expressions, determining social rules, and set-shifting on the Wisconsin Card Sorting 
Test (WCST) (Baron-Cohen et al., 2009; Clark, 2008; Ozonoff, 1995; Landry & Al-Taie, 
2015; Sato et al., 2012).  
 
A Signal Detection Theory Account of the SQ 
A more consistent and parsimonious account grants that both neurotypicals and 
individuals with an ASD have the same preference for predictability, but that individuals 
with an ASD experience more difficulty building predictable models of the world due to 
neural dysregulation. According to signal detection theory, the ability to detect 
meaningful information (i.e., signal) in the midst of background interference (i.e., noise) 
is predicated on both external and internal factors (McNicol, 2005; Stanislaw & Todorov, 
1999). This means that both neurotypical and neuroatypical individuals always 
experience both external and internal contributions to the total ratio of stimulus signal-to-
noise (Dombrowski et al., 2011; McGrath et al., 2011). A stimulus is always presented 
with a given amount of noise relative to its signal amplitude (i.e., calling out a friend’s 
name across a room full of loud conversations). These contributions to total SNR are 
external to the perceiver. However, the individual perceiving the intended signal also has 
internal sources of noise that contribute to SNR (Czanner et al., 2015). Because neural 
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processing requires appropriately balanced neuronal dynamics in local circuits as well as 
faithful signal propagation from region to region, every person’s brain is susceptible to 
internal noise.  
 E/I imbalance severity affects this degree of internal noise. Specifically, 
individuals with an ASD are proposed to exhibit a profile of upstream overfitting and 
downstream underfitting compared to neurotypicals (Nelson & Valakh, 2015). Although 
both preference and performance for both TDs and individuals with an ASD should be 
higher for high SNR tasks than low SNR tasks, the experienced task SNR would be 
different for TDs than for individuals with an ASD due to neural dysregulation. Upstream 
tasks would have a higher SNR for individuals with an ASD than for TDs. This is 
consistent with findings concerning performance on low-level perception tasks (e.g., 
Embedded Figures) (Jolliffe & Baron-Cohen, 2006; Shah & Frith, 1983). Downstream 
tasks would have a lower SNR for individuals with an ASD than for TDs. This is 
consistent with findings concerning complex perception tasks (e.g., global motion) and 
tasks that require learners with an ASD to abstract implied rules (e.g., facial recognition, 
theory of mind) (Dakin & Frith, 2005; Van der Hallen et al., 2019). Downstream tasks 
that have undergone sufficient signal enhancement would be expected to have a similar 
SNR for both TDs and individuals with an ASD. This is consistent with findings that 
individuals with an ASD perform as well as TDs on variations of the Wisconsin Card 
Sorting Task (WCST) when the set rule is made explicit (see Liandry & Al-Taie [2016] 
for a thorough meta-analysis) as well as findings that include evidence of intact memory 
involving standardized representations (i.e., rote facts versus episodes; Shalom, 2003; 
Toichi & Kamio, 2002) and math ability in adulthood (Baron-Cohen, 2007).   
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It is, therefore, proposed that a more parsimonious account of the SQ is that, 
rather than measuring the tendency to systemize, it measures preference for tasks that 
individuals with an E/I imbalance would experience as having a high SNR: tasks that 
have been explicitly systemized. In other words, it is proposed that the SQ is not 
measuring either a preference for rule-based tasks or an inclination to abstract rigid rules. 
Rather, it is proposed that the reason individuals with an ASD tend to score higher on the 
SQ than TD individuals is because neural dysregulation makes the process of abstracting 
rules from complex tasks more difficult than it is for neurotypicals, resulting in a 
preference for tasks for which the rules have already been made explicit. Consequently, 
the current study argues in favor of the use of the SQ as a proxy for E/I imbalance 
severity, leading to predictions that (1) scores on the SQ predict performance on tasks 
consistent with an E/I imbalance account, and 2) scores on the SQ show greater 
predictive power for these tasks than do scores on the AQ. As the AQ has been 
demonstrated to broadly measure ASD traits across the general population, (Baron-Cohen 
et al., 2001), there is reason to believe that the AQ is a convenient measure of ASD-
related symptom pervasiveness.  However, the current study proposed that the AQ would 
not be as sensitive as the SQ at capturing the underlying effects of E/I imbalance 
severity.7 Therefore, it would be expected for there to be some overlap of variance 
between the SQ and the AQ, but that scores on the SQ would better predict performance 





7 While the SQ would also be susceptible to some of the same limitations as the AQ, and is not proposed to 
be a perfectly unidimensional measure, the current study is arguing that the construction of the SQ resulted 







Experiment 1 examined the performance of adults with a wide range of AQ and 
SQ scores on measures of numerical cognition, including number sense, symbolic 
number, and formal math. This study proposed that, although the SQ has been argued by 
Baron-Cohen et al. (2009) to be a measure of preference to systemize, a more accurate 
conception of the SQ is as a measure of preference for tasks that have been explicitly 
systemized. It is argued that this preference increases as E/I imbalance increases due to 
the ameliorating effects of signal enhancement, a relationship that the AQ would not be 
sensitive enough to capture well. If, as Baron-Cohen et al. (2009) has proposed, SQ is a 
measure of tendency toward or talent for determining rigid rules, performance should 
increase as SQ increases for all numerical cognition tasks. That is, even though the 
number sense task is not standardized, individuals higher on the SQ range would be 
expected to perform better than individuals lower on the SQ range due to an increasing 
inclination to systemize the task. If, however, SQ is a suitable proxy for E/I imbalance 
severity, performance on the number sense task should decrease as SQ increases.  
This study also predicted that, while potential math ability may be the same across 
SQ, high-SQ individuals would be more likely to pursue math as a high SNR domain, and 
consequently show higher math achievement in adulthood, similar to previous findings 
(Baron-Cohen et al., 2001; Baron-Cohen et al., 2007).  
In addition, consistent with the findings of Hiniker et al. (2016), this study 
proposed that due to decreasing number sense acuity, but not symbolic number acuity, as 
SQ increases, symbolic number mediates the relationship between number sense and 
 
23 
formal math for individuals in the higher SQ range. While Hiniker et al. (2016) found 
symbolic number acuity to be more predictive of formal math achievement than number 
sense for both the ASD and TD groups, the difference was more pronounced for 
individuals with an ASD. It may be that for TDs, number sense and symbolic number 
acuity are more interchangeably employed in formal math, while for individuals with an 
ASD low number sense acuity encourages a stronger employment of the symbolic 
number system. This study examined these relationships across the spectrum of ASD 
traits in adults.   
 
Predicted Outcomes 
 The present study tested the following predictions: 
1. There is a significant partial positive correlation between AQ and SQ. 
2. As SQ, but not AQ, increases, number sense acuity decreases. 
3. Symbolic number acuity is intact across the range of AQ and SQ. 
4. As SQ, but not AQ, increases, formal math performance increases. 
5. Symbolic number acuity mediates the relationship between number sense 
performance and formal math performance for individuals in the higher SQ 
range, but not for individuals in the lower SQ range. 
 
Participants 
 This study ultimately sought to collect data from sixty-eight participants.8 
Following the collection of data for fifty-eight participants, the COVID-19 public health 
 
8 Projected sample size was established to facilitate multiple linear regression analyses permitting model 
comparisons to evaluate R2 increase (𝛼 = .05; ⁡1 − 𝛽 = .80). Given the relatively limited data on the 
substantial heterogeneity of ASD and the consequent diversity of results in visuospatial and numerical 
processing literature, we have selected a relatively conservative, moderate effect size (𝑓2 = .15). Using 
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crisis led to a university-wide suspension of in-person research activities. This required 
cancellation of multiple data collection sessions and subsequent online administration of 
data collection sessions. Because online administration necessarily required alterations to 
stimulus delivery and response recording, changes in methods for specific measures are 
noted in the Methods section below. Power analyses were recomputed to facilitate the 
additional statistical control of the data collection method (i.e., in-person versus online). 
Inclusion of data collection method as a covariate made no difference to the any of the 
findings included in the results for this experiment. 
The sample consists of seventy-four individuals between the ages of 18 and 43 
(see Data Cleaning below). Participants were recruited through the SONA Research 
Participation program and FindParticipants.com. An email with information about the 
study was also distributed through the USU Disability Resource Center to individuals 
diagnosed with an ASD. Individuals were given an initial questionnaire to filter for 
preliminary exclusion criteria, including comorbidity with another pervasive 
developmental disorder sharing notable overlapping deficits with ASD (e.g., Williams 
Syndrome), current or prior neurological disease or brain trauma, and substantial 
sensorimotor impairment or physical abnormality, following St. John et al. (2018). 
Exception was made for a comorbid diagnosis of Fragile X Syndrome, due to its high 
candidacy as a leading monogenic ASD cause (Budimirovic et al., 2017). Such cases 
were not expected in this sample, nor did any occur. Because of the high-level of 
comorbidity and possible misdiagnosis of ADHD alongside ASD (especially in high-
functioning ASD; Van Elst et al., 2013), participants with ADHD were not excluded. 
 
G*Power 3.1.9, we calculated a minimum sample size of 68 to facilitate analyses and subsequently 




All participants completed informed consent forms prior to any testing. Following 
a participant’s completion of the informed consent form and the demographic 
questionnaire (including exclusion criteria), eligible participants completed a single, 
ninety-minute session for the remaining assessments. For in-person participants, data 
collection took place at the Multisensory Cognition Lab (MCL) at Utah State University. 
The Wechsler Abbreviated Scale of Intelligence, Second Edition (WASI-II; Wechsler, 
1999) and Wechsler Individual Achievement Test, Third Edition (WIAT-III, 2009) were 
administered via hard copy versions. Numerosity discrimination trial protocols were 
administered using pre-programmed presentations on a desktop computer. 
Following COVID-19 restrictions, remaining participants were provided an 
automatically generated link to complete informed consent and demographic 
questionnaire. Participants signed up for a time to complete a Zoom session with a 
researcher who administered the WASI-II and WIAT-III using digital versions of the same 
stimuli used for in-person testing. After completing these assessments, participants were 
provided a link to a Qualtrics data collection pipeline that administered the AQ and SQ 
and finally redirected participants to download and complete numerosity discrimination 
tasks via E-Prime Go (Psychology Software Tools, Pittsburgh, PA). All participants were 
compensated for their time with their choice of course credit or monetary incentive. 
 
Methods 
The study was a quasi-experimental design carried out through the Multisensory 
Cognition Lab (MCL) at Utah State University (USU). Following Hiniker et al. (2016), 
this study measured number sense acuity and symbolic number ability using forced-
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choice quantity comparison tasks, as well as a population-normed measure of formal 
math ability. Additionally, ASD traits were measured to investigate their explanatory 
value for numerical cognition profiles. General cognitive abilities were assessed via a 
normed assessment to statistically control for domain-general effects. Trait analyses were 
chosen over diagnostic groupings to more fully characterize the potential interactions of 
variables, improve the overall power of analyses, permit exploration of nonlinear 
relationships, and understand the role of such traits in general, not only in the special case 
of clinically significant cutoffs. 
Materials. 
Neuropsychological Measures. The WASI-II was used to control for Full-Scale 
IQ (FSIQ). While IQ varies substantially in ASD (Autism and Developmental Disabilities 
Monitoring Network, 2014), individuals considered to be “high-functioning” have an IQ 
of 75 or above. Consequently, individuals with a FSIQ below 75 were excluded from the 
present study. Given the assessment load placed upon participants in this study, the 
FSIQ-2 form of the test was chosen over the comprehensive form. Importantly, the test-
retest reliability of the FSIQ-2 form of the WASI-II has been well established, and has a 
very high correlation to the FSIQ-4 form (McCrimmon & Smith, 2013). 
The WIAT-III contains Numerical Operations and Mathematical Reasoning 
subtests that can be used to give a composite Math score as an index of formal math 
ability. Composite scores for the WIAT-III are also very stable and tend to have high 
discriminability for educational groups (McCrimmon & Climie, 2011).  
The AQ is a fifty-item, forced-choice questionnaire, designed as a brief measure 
of ASD traits across the spectrum, including diagnosable ASD and the general 
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population. The AQ’s psychometric properties have been thoroughly established across 
diverse samples (Baron-Cohen et al., 2001; Broadbent et al., 2013; Hoekstra et al., 2008; 
Hurst et al., 2007). While it is not recommended to serve as a unilateral diagnostic tool, it 
is particularly useful for characterizing the range of ASD traits across clinical and non-
clinical populations (Baron-Cohen et al., 2001; Hurst et al., 2007). 
The SQ is a sixty-item, forced-choice questionnaire, designed to measure a 
cognitive style that identifies replicable, reliable rules in order to understand how a 
system works. The test has exhibited strong reliability and validity in clinical and non-
clinical adults across multiple cultural contexts (Groen et al., 2015; Ling et al., 2009; 
Wright & Skagerberg, 2012). Moreover, SQ scores positively correlate with ASD traits as 
measured on the AQ (Baron-Cohen et al., 2003), permitting analyses that parse distinct 
and interactive contributions of ASD traits across the population. 
Numerosity Discrimination Tasks. Participants completed two rounds of two-
alternative forced choice tasks,9 which permit the derivation of a psychometric value to 
index numerical discriminability (cf. Fechner, 2012) by individual and condition (Figure 
1). In the number sense task, participants were simultaneously presented with two 
adjacent arrays consisting of different numbers of dots for a 1500 stimulus period. They 
were then asked to quickly determine which array had the greater number of dots and 
responded with a button press indicating their choice within a 1000 ms test period. All 
number pairs between 2 and 9 conforming to commonly used ratios (i.e., 1:2, 2:3, 3:4, 
4:5, 5:6, 6:7, 7:8, 8:9) were presented four times each, for a total of fifty-two pairings. 
Following standard practice, various parameters were controlled between arrays (i.e., 
 
9 The author owes special thanks to Drs. Hiniker, Rosenberg-Lee, and Menon for kindly sharing their 
stimulus sets and programs for use in this study. In so doing, this study is far more capable of replicating 
important components of Hiniker et al.’s (2016) original research protocol, permitting more stable 
extension of that protocol to explore other variables of interest. 
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total surface area, average dot size) and counterbalanced across trials (i.e., left/right 
position of larger numerosity) to preclude participants’ use of supplementary indicators 
of quantity (Halberda et al., 2008; Hiniker et al., 2016; Wagener et al., 2018).  
In the symbolic number acuity task, participants were presented with the same 
stimuli and procedure as in the number sense task, except that the stimuli were symbolic 
representations of the tested numerosities (e.g., Arabic numerals). 
 
Figure 1 
Diagram of Forced-Choice Numerosity Discrimination Tasks 
 
Note. Stimuli are presented as either a side-by-side array of dots (A) or side-by-side 






Data Cleaning. Of seventy-four total participants, data for six were subject to 
listwise deletion. Three were removed due to technical errors that led to large sections of 
missing data, precluding stable imputation. Three were removed due to extremely 
abnormal scores (beyond ±3 SDs) on quantity discrimination tasks, consistent with likely 
task disengagement. Due to the response time limitation of numerosity discrimination 
tasks, trials with no response were coded as an incorrect with the maximum allowable 
reaction time. Because some response variables followed non-normal distributions, 
diagnostic analyses were conducted on regression models to identify cases of significant 
leverage, distance, and influence. When any model assumption was not met, bootstrapped 
coefficients were instead estimated using the car package (Fox & Weisberg, 2019). In 
cases where bootstrapped estimates differ from those produced by the regression model, 
the difference is made explicit in the text.  
Calculation of Numerosity Weber Ratios (𝒘). Following the established 
practice of previous work on numerical discrimination (Aagten-Murphy et al., 2015; 
Hiniker et al., 2016; Price et al., 2012), the present study used the Weber ratio (w) to 
index the least noticeable difference of numerical magnitude for each participant. Thus, 
every participant has two values of w, one for dot arrays and one for Arabic digits. Every 
value of w falls between 0 and 1, with 0 indicating flawless discriminability and 1 
indicating purely chance performance.  
The method used in this study to estimate w was first detailed by Pica et al. 
(2004), in which they model each participant’s observed error on a given task against a 
series of hypothetical w values to determine which value provides the best fit. This 
 
30 
method makes use of the relationship between the number pairings n1 and n2, both of 
which are normal random variables. The difference of these variables’ distributions gives 
the distribution of 𝒩(|𝑛1 − 𝑛2|, 𝑤
2[𝑛1
2 + 𝑛2
2]), the tails of which correspond to a 
predicted error rate when 𝑤, 𝑛1, and 𝑛2 are given. With 𝑛1, 𝑛2 pairs fixed for this study, 
𝑤 is permitted to vary such that the following algorithm produces a list of comparative fit 
statistics for hypothetical values of 𝑤 to characterize a participant’s score for each task 
type: 
1. Identify every 𝑛1, 𝑛2 pair used in the experiment. 
2. For every 𝑛1, 𝑛2 pair, estimate the error rate of the aforementioned Gaussian 
distribution according to the following equation, permitting 𝑤 to vary between 










Note: Equation 1 is a simplification of Pica et al.’s (2004) original formula 
given in Halberda and Feigenson (2008). The latter version was chosen for 
interpretability. 
3. For every 𝑛1, 𝑛2 pair, determine the observed error rate from experimental 
data. 
4. For every 𝑛1, 𝑛2 pair, compute the difference between the sum of squares for 
the observed error rates and the sum of squares for the predicted error rates. 
5. For a given participant, select the value of 𝑤 that produces the smallest 
difference in step 4 (i.e., the 𝑤 of best fit). 
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Based on this process, each participant is fitted with a Weber ratio for each task that best 




 Descriptive Statistics. The final sample for analysis consisted of sixty-eight adult 
participants (𝑛𝑓𝑒𝑚𝑎𝑙𝑒 = 40). Overall, the sample represented individuals with above-
average FSIQ (?̅? = 109.9, 𝑠 = 9.0). The sample’s AQ scores (?̅? = 18.9, 𝑠 = 9.1) mirror 
that of the general population (Baron-Cohen et al., 2001). The same relationship holds for 
SQ (?̅? = 25.1, 𝑠 = 11.3; Baron-Cohen et al., 2003). While diagnostic status was not 
recorded in this experiment, trait scores did also extend into the range characteristic of 
individuals with an ASD (SQ: ?̅? = 35.7, 𝑠 = 15.3 [Baron-Cohen et al., 2003]; AQ: ?̅? =
35.8, 𝑠 = 6.5 [Baron-Cohen et al., 2001]).10 There were significant differences in SQ 
scores between males and females, consistent with prior research (Baron-Cohen et al., 
2001; Baron-Cohen et al., 2003), emphasizing the importance of biological sex as a 
covariate in the subsequent models (Table 1).  
 Relationship Between AQ and SQ. Previous research suggests a significant 
correlation between AQ and SQ (Baron-Cohen et al., 2003). Given the focus of this study 
on demonstrating the particular predictive value of SQ on numerical cognition 
performance above and beyond that predicted by AQ, it was important to establish if this 
 
10 Baron-Cohen et al. (2003) report SQ scores and Baron-Cohen et al. (2001) report AQ scores for 
individuals with high-functioning ASD or Asperger’s Syndrome and TD controls. The present sample 
includes 9 responses (13.2%) that would constitute unusually high ASD trait scores for an individual with 
an ASD (SQ > 49.7; AQ > 28.7). However, it warrants clear note that neither of these tools are intended to 
be used as a core diagnostic tool. While a lack of diagnostic status information precludes certain groupwise 
inferences, there is cause for confidence that the present sample allows a substantial characterization of the 




Summary Statistics by Biological Sex 
 Female Male t p 
 n=40 n=28   
Age 19.2 (1.5) 21.3 (5.6) -2.28 0.026 
IQ 109.0 (8.7) 111.2 (9.4) -0.98 0.329 
AQ 17.3 (8.4) 21.1 (9.7) -1.72 0.091 




relationship was observed in the present sample. As expected, AQ and SQ exhibited a 
moderate positive correlation (𝑟(66) = .46, 𝑝 < .001). 
 Number Sense Acuity. The present study predicted that as SQ, but not AQ, 
increases, number sense acuity decreases. Beginning with a baseline model of covariates 
(age, sex, and FSIQ) predicting number sense, another model was fit including AQ and 
SQ as additional predictors. There were no significant effects of any covariates in either 
model. These nested models were directly compared to determine the best fitting model 
as a significant change in adjusted R2. The model including AQ and SQ exhibited a better 
fit (𝑅𝑎𝑑𝑗
2 = 0.04) than the baseline model (𝑅𝑎𝑑𝑗
2 = −0.02; Table 2), with the direct 
comparison producing a marginally significant statistic (𝐹(2) = ⁡3.07, 𝑝 = 0.053). In the 
better fitting model, SQ exhibited a significant effect on number sense (𝛽𝑆𝑄 =
0.0146, 𝑝 = 0.018) while controlling for the effect of AQ (Figure 2); however, the 
reverse was not the case (𝛽𝐴𝑄 = −0.003, 𝑝 = 0.736; Figure 3). This confirms the 




Comparative Models Predicting Number Sense Acuity 
 Baseline Model Full Model 
Intercept −2.7441 (0.8215) ∗∗ −2.8476 (0.8004) ∗∗∗ 
Age 0.0185 (0.0158) 0.0094 (0.0173) 
Sex 0.0225 (0.1236) −0.0744 (0.1260) 
FSIQ 0.0030 (0.0066) 0.0030 (0.0064) 
AQ  −0.0026 (0.0076) 
SQ  0.0146 (0.0060) ∗ 
R2 0.0271 0.1149 
Adj. R2 −0.0185 0.0435 
Num. obs. 68 68 
 




Symbolic Number Acuity. The present study predicted that symbolic number 
acuity would be intact across the range of AQ and SQ.  A baseline model was built 
regressing symbolic number acuity on age, sex, and FSIQ. A subsequent model fit with 
the addition of AQ and SQ was compared to the baseline. Again, none of the covariates in 
either model exhibited a significant effect on symbolic number acuity. Moreover, the 
model including AQ and SQ did not exhibit a better fit (𝑅𝑎𝑑𝑗
2 = −0.031) than the baseline 
model (𝑅𝑎𝑑𝑗
2 = −0.014; Table 3), with the direct comparison demonstrating no 
significant difference (𝐹(2) = ⁡0.4876, 𝑝 = 0.616). Investigating the model including 
AQ and SQ, it is evident that changes in neither predictor lead to changes in symbolic 











Effect of SQ on Number Sense Acuity 
Note.  SQ significantly predicts number sense acuity when controlling for AQ. Errors bars 














Effect of AQ on Number Sense Acuity 
Note. AQ has no significant effect on number sense acuity when controlling for SQ. 










Comparative Models Predicting Symbolic Number Acuity 
 Baseline Model Full Model 
Intercept −0.8441 (0.0483) ∗∗∗ −0.8391 (0.0489) ∗∗∗ 
Age 0.0003 (0.0009) 0.0001 (0.0011) 
Sex −0.0058 (0.0073) −0.0044 (0.0077) 
FSIQ −0.0004 (0.0004) −0.0004 (0.0004) 
AQ  0.0004 (0.0005) 
SQ  −0.0003 (0.0004) 
R2 0.0315 0.0465 
Adj. R2 −0.0139 −0.0304 
Num. obs. 68 68 
 




Formal Math Achievement. The present study predicted that as SQ, but not AQ, 
increases, formal math performance increases. Baseline and comparison models were 
built regressing Math Composite scores on the same predictors of interest. In the baseline 
model, age and FSIQ both predicted statistically significant increases in Math Composite 
scores on the WIAT-III (𝛽𝑎𝑔𝑒 = 0.8209, 𝑝 = 0.029;⁡𝛽𝐹𝑆𝐼𝑄 = −0.0002, 𝑝 = 0.006), 
while biological sex did not (𝛽𝑠𝑒𝑥:𝑚𝑎𝑙𝑒 = −4.8006, 𝑝 = 0.0998). A subsequent model fit 
with the addition of AQ and SQ was compared to the baseline model. The model 
including AQ and SQ did not exhibit a better fit (𝑅𝑎𝑑𝑗
2 = 0.095) than the baseline model 
(𝑅𝑎𝑑𝑗
2 = 0.1181; Table 4), with the direct comparison demonstrating no significant 
difference (𝐹(2) = ⁡0.1633, 𝑝 = 0.8497). Investigating the model including AQ and SQ, 
it is evident that changes in neither predictor lead to changes in formal math achievement 
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(𝛽𝐴𝑄 = 0.1057, 𝑝 = 0.570;⁡𝛽𝑆𝑄 = −0.0301, 𝑝 = 0.838), consistent with the notion that 
math performance would not decrease as SQ increased, but against the prediction that 
formal math achievement would increase as SQ increased. 
Mediation Analysis. The present study predicted that symbolic number acuity 
mediates the relationship between number sense performance and formal math 
performance for individuals in the higher SQ range, but not for individuals in the lower 
SQ range. To investigate this possible mediation relationship, the sample was median-
dichotomized along the SQ variable. Mediation analyses with 1,000 iterations of a 
bootstrapped resampling procedure were performed separately for both subgroups, 




Comparative Models Predicting Formal Math Achievement 
 Baseline Model Full Model 
Intercept 46.6759 (19.1129) ∗ 47.7549 (19.4733) ∗ 
Age 0.8209 (0.3672) 0.7299 (0.4207) 
Sex −4.8006 (2.8749) −4.7389 (3.0646) 
FSIQ 0.4323 (0.1530) ∗∗ 0.4276 (0.1552) ∗∗ 
AQ  0.1057 (0.1850) 
SQ  −0.0301 (0.1467) 
R2 0.1576 0.1620 
Adj. R2 0.1181 0.0945 
Num. obs. 68 68 
 
Note. ∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05 
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effect of number sense on formal math achievement (Low-SQ subgroup: 𝑡(30) =
−0.39, 𝑝 = 0.70; High-SQ subgroup: 𝑡(30) = 0.73, 𝑝 = 0.47). Consequently, no 
significant indirect effect through symbolic number acuity was observed (Low-SQ 
subgroup: 95% 𝐶𝐼[−6.85, 7.32]; High-SQ subgroup: 95% 𝐶𝐼[−1.98, 3.05]), against 
prediction and inconsistent with the finding in Hiniker et al. (2016). This pattern was then 




As expected, the current study found a moderate positive correlation between AQ 
and SQ scores across a sample of adults in a university setting. This finding is consistent 
with previous findings that both the AQ and the SQ measure ASD traits without complete 
overlap. The current study proposed that, while the AQ is a better measure of broad ASD 
traits, the SQ is a better measure of a singular trait: the preference for explicitly 
systemized domains, and that this preference is particularly consistent with a neural 
dysregulation account of ASD. This claim is supported by the finding that the SQ predicts 
performance on an unenhanced downstream task (number sense) while the AQ does not. 
It is worth noting, however, limitations concerning indirect measurement of neural 
correlates. Although the current study attempted to make responsible predictions 
consistent with known neurophysiological correlates, as with all exclusively behavioral 
research the present study can only propose neurophysiologically plausible explanations 
underlying observed relationships. Future research is needed, however, to directly 
measure neural correlates alongside the phenomena observed here (see related imaging 
approaches in Flevaris & Murray, 2015; Karten & Hirsch, 2015; Takarae et al. 2014). 
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The finding of a negative correlation between SQ and number sense performance 
also supports the claim that the SQ does not properly measure a tendency to abstract rigid 
rules. A hyper-systemizing account of the SQ would predict that as SQ scores increase, 
performance on tasks with abstractable rules would increase. However, the current study 
found that as SQ scores increased, number sense acuity (a task with abstractable rules) 
decreased. The current study argues that this finding is more in line with the notion that 
rule abstraction for complex tasks is more difficult for individuals high in ASD traits, as 
predicted by an E/I imbalance account.   
 Also as predicted, the current study found intact symbolic number acuity across 
levels of both AQ and SQ. Although symbolic number recognition is a downstream task  
that would be affected by neural dysregulation, the SNR for this task would be 
sufficiently enhanced via stimulus standardization. Consequently, trait measures of ASD 
would not be expected to predict task performance. It was also found, as expected, that 
formal math performance did not change across AQ. These findings together support the 
notion that individuals who are high in ASD traits do not have a deficit in formal math 
per se or in acquiring a symbolic number system, but may instead struggle with number 
sense acuity in a fashion consistent with the effects of an E/I imbalance on the IPS. It 
may be the case that such individuals would benefit from either more supportive 
resources to help them persist in this domain despite acquisition delays or from earlier 
instruction in the more predictable symbolic number system. Future studies could also 
examine whether number sense instruction that intentionally provides explicit rules and 
high levels of repetition could facilitate the earlier acquisition of sufficient number sense 
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acuity, which would allow for a timelier acquisition of the symbolic number system and, 
consequently, formal math.  
Against prediction, SQ did not predict formal math performance. This prediction 
was based on the idea that, while potential math ability may be the same across the score 
range of ASD traits, individuals with higher trait scores would be more likely to pursue 
math as a standardized domain (compared to non-standardized domains) due to the 
potential amelioration of low SNR. This preference was expected to result in greater math 
achievement by adulthood compared to TDs. However, this prediction failed to take into 
account that while TD individuals may show more evenly distributed interest across 
domains with varying degrees of standardization due to lower variance in experienced 
task SNR, they are also a larger proportion of the population. Consequently, absolute, 
rather than proportional, differences in formal math achievement would likely not be 
related to SQ.  
The current study predicted that symbolic number acuity would mediate the 
relationship between number sense and formal math for individuals in the higher SQ 
range, but not for individuals in the lower SQ range. This prediction was based on 
mediation analyses run by Hiniker et al. (2016) that found that symbolic number acuity 
was the dominant predictive factor of formal math performance for children with an ASD 
but not for TD children. This suggested the possibility that for TDs, number sense and 
symbolic number acuity are more interchangeably employed in formal math, such that 
they assume a partially redundant predictor configuration. However, individuals with an 
ASD may be less able to successfully employ number sense due to decreased acuity, and 
thus, rely more heavily on their symbolic number acuity when engaging formal math.  
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The current study, however, found no predictive relationship between number 
sense and formal math achievement for either subgroup or for the sample as a whole; 
consequently, there is no mediation to observe. It may be the case that by adulthood 
neither TDs nor individuals with an ASD are likely to depend on number sense to a 
significant degree when engaging formal math. While estimating quantity might be 
helpful, the current sample especially consists of individuals who necessarily are required 
to have achieved a level of formal math proficiency commensurate with their educational 
attainment, for which estimation-based strategies are unlikely to play the primarily role. 
This may make any remaining role of number sense very difficult to detect. It may also 
be difficult to assess whether or not adults across the range of ASD trait scores are likely 
to depend on the symbolic number system to engage formal math due to the level of task 
difficulty employed here, as suggested by the ceiling effect for symbolic number found in 
the current study. 
In addition, both the present study and the work of Hiniker et al. (2016) are 
snapshots of number sense, symbolic number acuity, and formal math achievement at a 
single time frame. Consequently, there are likely elements of developmental and learning 
processes in mathematical cognition that would be more successfully modeled by 
longitudinal research (e.g., growth curve modeling, linear mixed-effect modeling for 
multiple time points). Thus, while mediation analyses might be able to suggest something 
of the relative impacts of multiple predictors on formal math achievement, future 
research would also benefit from a focus on longitudinal designs that measure each 
ability during periods when there is substantial variability among participants and scores 
are not yet approaching an upper limit of performance. If it is substantiated that over time 
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TDs tend to depend relatively equally on both number sense and the symbolic number 
system, early presentation of symbolic number may not make much difference to formal 
math acquisition for this group. If, however, it is substantiated that over time children 
with an ASD tend to depend more on the symbolic number system, timely formal math 






To further examine whether an E/I imbalance account is consistent with the 
relationship between ASD traits and numerical cognition performance, experiment 2 
explored whether utilizing a multimodal presentation of number sense stimuli would 
improve number sense performance due to its proposed effects on perceptual SNRs. As 
number sense is an unenhanced downstream task, it was expected that enhancing the 
target signal by adding a second signal modality should improve number sense 
performance across the range of ASD traits (as measured by the AQ and the SQ). The 
current study also postulated that as scores on the SQ increase, the acuity of quantity 
perception decreases in a fashion that would be consistent with increasing neural 
dysregulation. However, multisensory gains were expected to largely ameliorate 
unisensory performance losses related to increasing SQ. In other words, if the difference 
in number sense performance between TDs and individuals with an ASD is due to E/I 
imbalance-related decreases in SNR, enhancing the stimulus SNR should bring 
performance toward TD levels. 
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Due to the nature of the stimuli used for number sense tasks, this study also 
provided the opportunity to explore the effects of high-level stimulus feature 
manipulation on multisensory integration (MSI). Although the MSI literature has 
demonstrated that decreasing the SNR of low-level stimulus features results in greater 
MSI recruitment, the effects of manipulating the SNR of high-level stimulus features 
have been less explored. The current study predicted that, as with low-level stimulus 
features, manipulation of high-level stimulus features would result in changes in MSI 
recruitment, such that stimulus SNR is negatively correlated with MSI gains.  
The design of this study also allowed for further examination of the effects of E/I 
imbalance on MSI recruitment. Many neurophysiological and behavioral studies have 
demonstrated MSI abnormalities for individuals with an ASD; however, whether these 
are differences in integration itself or the result of differences in the signals projecting to 
this region is unclear. The current study proposed that due to the somewhat downstream 
location of MSI, it would also be susceptible to the effects of an E/I imbalance (Populin, 
2005; Razak & Pallas, 2006). Consequently, the current study predicted that as SQ, but 
not AQ, increases, variance of MSI gains increases. 
This study also explored possible nonlinear relationships between stimulus SNR 
and MSI recruitment. While MSI literature has focused on characterizing the difference 
between unisensory and multisensory performance across the concomitant levels of 
stimulus SNR, referred to as MSI gains, the trade-off between MSI improvement and 
decreasing stimulus SNR has been less explored. This study proposed that there is a peak 
level of stimulus SNR past which the benefit of adding a second stimulus modality is 
outweighed by the effects of continued increases in stimulus noise. In other words, it was 
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Based on signal detection theory, decreasing the SNR of a stimulus leads to 
decreased unimodal signal detection (e.g., Edward & Badcock, 1995; Koppen et al., 
2009; Macmillan & Creelman, 2004; McNicol, 2005; Wixted, 2007). However, these 
losses can be recovered by introducing the same signal in a second modality (Parraga, 
2015; Vroomen & De Gelder, 2000), referred to in the psychology and neuroscience 
literature as multisensory integration.11 Enhancement of a less detectable signal can be 
achieved by either strengthening the signal or reducing the noise surrounding the signal. 
One of the key methods for achieving both goals at once is to introduce a supplemental 
stimulus (𝑠2) whose noise is orthogonal to the original stimulus (𝑠1). Doing so results in 
amplification of the overlapping elements of each of the stimuli and suppression of the 
non-overlapping elements (Macmillan & Creelman, 2004; McNicol, 2005). 
Many studies have shown that adding a concurrent presentation of a stimulus in a 
second modality can significantly improve performance on a variety of perceptual tasks, 
including visual motion coherence (Kim et al. 2008), the pip-and-pop visual search (Van 
der Burg et al., 2008), and voice recognition training (Von Kriegstein & Giraud, 2006; 
see also de Dieuleveult et al., 2017 and Koelewijn et al., 2010 for general reviews). For 
example, in an investigation of the role of multisensory presentations on the detection of 
stimuli impacting pilot effectiveness in aerial combat maneuvering, Nelson et al. (1998) 
 
11 Multisensory integration is a method of improving signal detectability comparable to the signal detection 
theory term signal recovery. 
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found that the inclusion of localized auditory information associated with a simple visual 
stimulus (an aircraft silhouette) significantly improved detection rates and search 
strategies. Similarly, Noesselt et al. (2008) found significant enhancement in response 
rates and accuracy for a brief visual event (identifying which of two visual stimuli briefly 
disappears from the screen) when the event was accompanied by a concurrent auditory 
cue.  
Inverse Effectiveness. Studies have demonstrated that an important principle of 
MSI for determining the optimal degree of recruitment is that of inverse effectiveness 
(Holmes, 2007; Holmes, 2009; Stevenson et al., 2012). According to this principle, the 
lower the SNR of unisensory signals, the greater the need to implement a signal recovery 
process and, therefore, the greater the MSI recruitment (Meijer et al., 2018; Stein & 
Meredith, 1993). Behaviorally, this principle can be observed as multisensory-condition 
gains that correlate with decreased unisensory signal strength (Holmes, 2009).  
However, decreasing SNR does not necessarily lead to increased performance 
overall in multisensory paradigms. Rather, MSI often serves to attenuate losses of 
performance due to decreased SNR by providing a supplementary tool for remediating 
performance beyond that which would be predicted by increased vigilance (due to higher 
overall levels of energy in sensory processing regions) or statistical facilitation (i.e., the 
well-defined race model of Gielen et al., 1983). Although MSI studies typically 
characterize the difference in scores between the unisensory condition and the 
multisensory condition, referred to as MSI gains, the current study also used number 
sense stimuli as an opportunity to examine the point at which the benefits of adding a 
second modality are outweighed by decreases in unisensory reliability. The current study 
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proposed that MSI benefits would exhibit a peak level past which increasing stimulus 
noise attenuates MSI benefits and which can be identified as the extremum of a quadratic 
model. 
Neural Correlates of Multisensory Integration. The superior colliculus (SC) is 
arguably the most thoroughly investigated neural region with respect to MSI, with 
numerous studies demonstrating sensitivity of neuronal subpopulations to cross-modal 
conditions (Anastasio et al., 2000; Anastasio & Patton, 2003; Bell et al., 2003; Meredith 
& Stein, 1986; Perrault et al., 2005; Wallace & Stein, 1997). For example, Burnett et al. 
(2004) found that lesioning of the SC in cats produced durative deficits in multisensory 
orientation to the contralesional hemifield despite recovery of unisensory orientation 
behavior.  
While much remains to be discovered about the processes subserving MSI, 
substantial research provides at least a partial account of this process (for reviews, see 
Cornelio et al., 2021; Koelewijn et al., 2010; Stein & Stanford, 2008). For both TDs and 
individuals with an ASD, input signals project from multiple regions of cortex, each 
involved in unimodal processing to the SC (Siemann et al., 2017; Stein & Rowland, 
2011; Stein et al., 2014; Stein & Rowland, 2020). For example, the SC receives 
information from Brodmann’s areas 41 and 42 in the lateral temporal lobes (dedicated 
specifically to auditory processing and implicated in cortical deafness [Polster & Rose, 
1998]) and from Brodmann’s areas 17 through 19 (dedicated broadly to visual perception 
and implicated in cortical blindness [Aldrich et al., 1987; Huff et al., 2020]).  
Neural correlates of inverse effectiveness are also well established (Ghose et al., 
2014; Sabes, 2011; Stein & Stanford, 2008; Van Opstal, 2016). For example, as the 
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magnitude of unimodal signals from the aforementioned projections decreases, SC 
activation increases in a fashion consistent with compensatory functions of inverse 
effectiveness that attenuate performance losses (Ohshiro et al., 2011; Stein et al., 2020).  
Divisive Normalization. Another principle that would be expected to effect MSI 
is divisive normalization. Divisive normalization is a canonical computational 
mechanism that has been evidenced in numerous brain regions (e.g., V1, hippocampus, 
medial superior temporal area, lateral intraparietal cortex) in a variety of species. It is 
defined as a neural operation by which the total excitatory input to a neuron is driven by 
the sum of afferent projections and attenuated by both the neuronal subpopulation’s own 
firing limit (i.e., semisaturation constant) and the collective excitatory activity of the 
neighboring neuronal environment (Bhatia et al., 2019; Busse et al., 2009; Ohshiro et al., 
2017; Olsen et al., 2010; Sato et al., 2016). This operation describes limits on neurons’ 
total sensitivity to stimulus magnitude (producing a form of gain control) such that there 
is a peak input past which the slope of output amplification decreases significantly (i.e., 
the output of its derivative function is negative).  
Although the literature on inverse effectiveness has almost exclusively 
investigated linear relationships between stimulus reliability and MSI gains, given this 
canonical principle of saturation corresponding to diminishing returns of increases in 
stimulus intensity, it would be reasonable to investigate a possible nonlinear relationship 
between MSI gains related to stimulus reliability, such as a logarithmic growth function. 
The current study explored whether multilevel mixed-effects modeling may be able to 
detect a logarithmic relationship between stimulus SNR and MSI gains consistent with 
the computational constraints of divisive normalization.  
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Multisensory Integration and Number Sense. In addition to visual motion, 
visual search, and voice recognition tasks, studies have also found that number sense 
performance for TD individuals improves with the addition of another modality (Jordan 
& Baker, 2011; Kanitscheider et al., 2015; Lechelt, 1975; Philippi et al., 2008). For 
example, Philippi et al. (2008) investigated whether multisensory presentation of 
sequential numerosity stimuli improved participants’ numerosity estimates. Across the 
included pulse quantities (2 to 10) and interstimulus intervals (20 to 320 ms), 
multisensory estimates were observed to be more accurate than estimates from any 
unisensory condition (visual, auditory, or tactile), with the most accurate estimates 
observed in the trimodal condition.  
Similarly, Kanitscheider et al. (2015) compared error rates from unisensory and 
multisensory numerosity estimation tasks in participants ages 18 to 62, finding that 
judgements based on multisensory information concerning relative numerosity were 
consistently more precise than unisensory decisions from either modality. Jordan and 
Baker (2011) investigated whether intersensory redundancy improved numerosity 
judgements in 3- to 5-year-old children. Participants observed a sequential numerosity 
stimulus in visual, auditory, and synchronized multisensory conditions followed by a 
forced-choice presentation from which the child was to identify the numerosity that 
matched the probe. The authors observed a significant increase in children’s accuracy in 
the multisensory condition over both unisensory conditions. 
Multisensory Integration and ASD. Behavioral studies have demonstrated that 
adding another stimulus modality can also improve task performance for individuals with 
an ASD (see Feldman et al., 2018 for a review), as well as evidence that the principle of 
 
49 
inverse effectiveness also applies to MSI for individuals with an ASD (Iarocci, G., & 
McDonald, 2006; Stevenson et al., 2017). For example, Stevenson et al. (2017) found 
that both ASD and TD children exhibited higher MSI gains for phoneme recognition in 
lower SNR conditions. Stevenson et al. (2018) evaluated the sociolinguistic processing 
abilities of thirty-eight individuals with an ASD (ages 7 to 16) and thirty-eight age- and 
IQ-matched controls using a speech-in-noise paradigm that tested participants’ ability to 
correctly identify tri-phonemic, monosyllabic nouns in three different conditions (i.e., 
visual, auditory, and audiovisual). A main effect of modality on speech perception was 
observed, such that participants exhibited significantly higher accuracy in the 
multisensory condition than in unisensory conditions (𝑝 < 0.001), without an interaction 
between diagnostic status and modality (𝑝 = 0.20), suggesting gains for participants 
irrespective of diagnosis. Previous studies have also found lower MSI gains for 
individuals with an ASD on tasks with low-level stimulus feature manipulation (see 
Feldman et al., 2018 for review). However, it is unknown whether these differences are 
the result of alterations in processing at the MSI or sensory level, and whether this would 
be true for tasks with high-level stimulus feature manipulation. 
Multisensory Integration and E/I Imbalance. These findings are also consistent 
with an E/I imbalance account of ASD. How individuals with an ASD integrate multiple 
sensory modalities is necessarily affected by how unimodal sensory signals are 
propagated. As has been discussed above (see Upstream Visuospatial Processing), 
individuals with an ASD show differences in visuospatial processing that are consistent 
with an E/I Imbalance account which predicts perceptual overfitting. Studies have also 
demonstrated that individuals with an ASD tend to exhibit significant alterations in 
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audition, apart from hearing impairment,12 that are similar to their differences in 
visuospatial processing (see Ouimet et al., 2012 for a review). For example, regions of 
primary auditory cortex exhibit increased local connectivity alongside decreased 
interconnectivity with distal projections (Just et al., 2004). Perturbation of γ-band 
synchronization has also been repeatedly noted in children with an ASD in audition 
(Edgar et al., 2015; Gandal et al., 2010; Jochaut et al., 2016; Simon & Wallace, 2016), 
again consistent with low stimulus-feature binding. Gandal et al. (2010) found in parallel 
human and mouse studies of ASD that affected subjects demonstrated a reduced γ phase-
locking factor (correlated with neuroligin-3 expression in mice) alongside delayed M100 
evoked responses in superior temporal gyrus (cf. Bruneau et al., 1999). Such findings 
coincide with auditory behavioral results that parallel previously detailed visuospatial 
processing in ASD. Specifically, many affected individuals exhibit enhanced low-
dimensional auditory abilities, such as pitch discrimination, concurrent with deficits in 
high-dimensional abilities, such as speech-in-noise (Bonnel et al., 2003; Heaton, 2003; 
Ouimet et al., 2012; O’Connor, 2012).  
It is also reasonable to expect that high-level perceptual alterations in ASD would 
impact MSI function. In addition to inputs from primary sensory cortex, the SC also 
receives inputs from multiple regions of association cortex, (Lynch et al., 1985; May, 
2006; Stein & Meredith, 1993; Yu et al., 2016), though these have been less thoroughly 
investigated. For example, Yu et al. (2016) demonstrated that altering activation of the 
anterior ectosylvian sulcus and the rostral lateral suprasylvian sulcus in cats significantly 
 
12 Hearing impairment, specifically peripheral hearing loss (PHL), is a common exclusion criterion in 
research on audition in ASD, given that there is much ongoing debate as to a possibly increased prevalence 
rate of PHL among individuals with an ASD. 
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altered cross-modal integration of visual and auditory inputs. Lynch et al. (1985) have 
also specifically identified projections in macaques from the inferior bank of the IPS to 
the interior layers of the SC.  As a region of association cortex that communicates 
bidirectionally with the SC (Clower et al., 2001; Anderson et al., 2008), the IPS is also 
expected to impact MSI. Consequently, any imbalance to this region might further 
complicate the degree to which MSI would improve performance on IPS-dependent 
tasks. 
Some research also indicates irregular activation within the SC for individuals 
with an ASD (Jure, 2019; Kleinhans et al., 2011). For example, Kleinhans et al. (2011) 
measured BOLD signal corresponding to the SC in adults with an ASD (?̅? = 23.57) 
compared to TD controls (?̅? = 23.32) during a rapid facial processing task. The ASD 
group exhibited significantly lower activation in the SC compared to the TD group.13  
This relates as well to another feature of SC research that may have some bearing 
on the present studies. Previous research on cortical and subcortical activation during a 
variety of tasks relevant to ASD function has established altered functional connectivity 
in pathways involving the SC (Jure, 2019; Kleinhans et al., 2008; Hadjikkhani et al., 
2017). For example, Kleinhans et al. (2008) found significantly reduced connectivity 
between the fusiform gyrus and the SC in ASD participants in a study of face-related 
socio-emotional processing. Jure (2019) also notes that multiple networks activated by 
the SC, including large-scale white matter tracts such as the bilateral uncinate and 
superior longitudinal fasciculi, have exhibited hypoconnectivity in ASD. This further 
 
13 While this addresses a different feature of sensory integration that facilitates saccadic behavior, its focus 
on SC activation makes it relevant to the focus of the present study. 
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supports a picture of ASD etiology in which MSI itself may be disrupted, potentially 
altering its contribution to signal enhancement in affected individuals. 
Located in the posterior midbrain, the SC occupies a position upstream of many 
regions to which it projects, but also receives projections from primary visual, auditory 
and tactile regions of cortex (King, 2004; Paula-Barbosa & Sousa-Pinto, 1973). 
Consequently, irregular activation might suggest primary dysregulation due to 
compensation for altered activity in lower layers of the signal propagation pipeline (e.g., 
Nelson & Valakh 2015), dysregulation due simply to the ongoing receipt of poorly fit 
signal inputs, or both. Such forms of dysregulation could, in theory, result in decreased 
overall MSI contributions with increased variability in the case of an altered suppressive 
field gain term (Rosenberg et al., 2015) given the role divisive normalization has been 
proposed to play in SC function as well (Basso & Wurtz, 1997; Ohshiro et al., 2011).  
In other words, the signal inputs received by the SC from primary auditory cortex 
and primary visual cortex are expected to be overfit compared to TDs, while the signal 
input received by the SC from the IPS would be underfit compared to TDs. In addition, 
the current study argues that, as a somewhat downstream region, the SC itself would also 
be affected by signal disruption leading to both decreased MSI benefits and greater 
variability in MSI gains for individuals with an ASD.  
 Multisensory Integration, Number Sense and ASD. Although studies have 
found MSI benefits for individuals with an ASD on a variety of tasks (e.g., speech in 
noise tasks, temporal perception tasks) (Stevenson et al., 2014, Feldman et al., 2018), the 
effects of MSI have not been explored across ASD traits for number sense. In addition, 
the effect of manipulating high-level stimulus features on MSI across ASD traits has been 
 
53 
less explored. Studies which have examined the manipulation of high-level stimulus 
features have been limited by issues of confounding stimulus complexity and/or 
collinearity (e.g., Stevenson et al., 2017). Number sense, however, may permit a closer 
examination of how high-level stimulus features impact MSI recruitment. The 
computational profile of number-sensitive neurons presented a unique opportunity to 
explore the effects of high-level feature dimensionality on MSI. These neurons represent 
number as a perceptual category without respect to stimulus modality. Consequently, 
there is lesser likelihood of a confound in MSI gains from high-level feature 
manipulation due to a specific strong unisensory modality bias in numerosity processing. 
Moreover, features that do tend to covary can be experimentally controlled more easily 
than in other tasks that have been used to examine high-level SNR in MSI (e.g., phoneme 
versus whole-word recognition in Stevenson et al., 2017). Moreover, number neurons 
exhibit overlapping tuning functions that conform to the psychophysical Weber-Fechner 
law. This feature of number neurons permits precise measurement connected to firmly 
established experimental paradigms. 
 
Predicted Outcomes 
 The present study tested the following predictions: 
1. Multisensory number sense performance is higher than unisensory number 
sense performance across all levels of AQ and SQ. 




3. There is a peak level of MSI benefit past which additional high-level stimulus 
feature noise reduces MSI benefits. In other words, MSI benefit is best 
predicted by a quadratic relationship with high-level stimulus feature noise. 
 
Participants 
 The present study ultimately sought to collect data suitable for analyses from 
sixty-eight participants (separate from those recruited for experiment 1).14 The full 
sample consists of seventy-seven individuals between the ages of 18 and 49 (see Data 
Cleaning below). Recruitment and filtering for preliminary exclusion criteria proceeded 
in the same fashion as in experiment 1. 
 
Procedures 
Due to the COVID-19 public health crisis that led to a university-wide suspension 
of in-person research activities, all data collection for this experiment was completed 
remotely. All participants completed informed consent forms prior to any testing. 
Following a participant’s completion of the informed consent form and the demographic 
questionnaire (including exclusion criteria), eligible participants completed a single, 
ninety-minute session for the remaining assessments. Participants were provided a link to 
a Qualtrics data collection pipeline that administered the AQ, SQ and the Shortened 
Raven Standard Progressive Matrices (S-RSPM; Van der Elst et al., 2013). Finally, 
participants were redirected to complete the numerosity discrimination tasks through the 
 
14 Projected sample size was established to facilitate multiple linear regression analyses, including 
multilevel analysis, permitting model comparisons to evaluate R2 increase (𝛼 = .05; ⁡1 − 𝛽 = .80). Given 
many of the same limitations in background evidence as addressed in experiment one, a moderate effect 
size was again selected (𝑓2 = .15). Using G*Power 3.1.9, a minimum sample size of 68 was calculated to 
facilitate analyses and subsequently adjusted for possible attrition. 
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Pavlovia repository and launch platform (www.pavlovia.org). All participants were 
compensated for their time with their choice of course credit or monetary incentive. 
 
Methods 
The current study was a quasi-experimental design. This study measured 
unisensory and multisensory number sense acuity using a sequential-stimulus, 
simultaneous-choice design. ASD traits were again measured to investigate their 
explanatory value for numerical cognition profiles and contributions to MSI gains. 
General cognitive abilities were assessed via a normed assessment to statistically control 
for domain-general effects. 
Materials.  
Standardized Measures. The S-RSPM is a standardized tool for non-verbal 
measurement of IQ. Reliability and validity of the S-RSPM have been established (Raven, 
2006; Strauss et al., 2006; Van der Elst et al., 2013). As in experiment one, the AQ and 
SQ were used to measure general and specific ASD-related traits.15 
Numerosity Discrimination Tasks. Numerosity discrimination tasks were coded 
in the PsychoPy3 builder program (Peirce et al., 2019). Each trial stimulus consisted of a 
set of sequentially presented elements indicating a numerosity between 10 and 50 
(Jordan, et al.2008; cf. Jordan & Baker, 2011 with children). Auditory (A) trials consisted 
of pulse trains of clicks presented centrally at uniform magnitude. Visual (V) trials 
 
15 While the S-RSPM was selected for experiment largely due to logistical constraints, it does allow 
investigation of the degree to which such a non-verbal measure of IQ may differ in its relationship to the 
variables investigated here when compared to the WASI-II, which includes both Matrix Reasoning and 
Vocabulary. In cases where the two experiments analyses overlapped, the measure of IQ did not change the 
pattern of results (see “Number Sense Performance and SQ” below). This may suggest a particular 
usefulness of the S-RSPM when investigating number sense in children with high ASD traits, especially in 
cases where verbal ability is significantly impaired. 
 
56 
consisted of achromatic pulse trains of black circles with variable size and position on a 
white background. Audiovisual (AV) trials consisted of similar visual stimuli 
synchronized with auditory pulse trains (Figure 4).  
Multiple controls were included to preclude counting strategies and use of 
numerosity-covarying features (e.g., total stimulus duration). Within each trial in all 
conditions, interpulse intervals varied randomly from 20-680 ms and stimulus duration 
(?̅? = 3000 ms) was permitted to vary up to 35% for each trial (cf. Brunton et al., 2013) 
to attenuate temporal information in numerosity estimation. MATLAB (2020) was used 
to compute randomized vectors of pulse timings under a sum constraint to the total 
stimulus duration. Visual elements were also permitted to vary in area across trials by up 
to 35% (cf. Jordan & Baker, 2011; Jordan et al., 2008). To attenuate the potential impact 
of sensory adaptation between trials (e.g., the numerosity of trial 𝑛 skews perception of 
trial 𝑛 + 1), an intertrial interval of 1000-2000 ms was included (Bruneau et al., 2003; 
Doyon et al., 2020). 
After each trial, two visual, dot array choice stimuli were presented 
simultaneously in side-by-side, 10 x 10 cm panels, only one of which contained the 
previously presented numerosity (Jordan & Baker, 2011). Participants were then be asked 
to determine which array matched the numerosity of the sequentially presented stimulus, 
indicating their choice with a right-left button press within a 1000 ms test period. To 
permit greater performance variance, ratio bins in experiment two included all possible 
ratios (𝑛 = 26) between included numerosities, giving trial ratios ranging from .2 (e.g., 
































Note. Stimuli a presented as a series of randomly positioned dots (A), a train of auditory 




Data Cleaning. Of seventy-seven total participants, data for nine were subject to 
listwise deletion. Five were removed due to exceptionally low time-on-task measures (< 
4 SDs), suggesting likely task disengagement. Four were similarly removed for failing 
attention checks during data collection. Due to the response time limitation of numerosity 
discrimination tasks, trials with no response were coded as incorrect with the maximum 
allowable reaction time. Because some response variables followed non-normal 
distributions, diagnostic analyses were conducted on regression models to identify cases 
of significant leverage, distance, and influence. When any model assumption was not 
met, bootstrapped coefficients were instead estimated using the car package (Fox & 
Weisberg, 2019).16 For variables that followed a non-normal distribution, Box-Cox 
transformed values were used when possible. Optimal 𝜆 values were generated using the 
forecast package (Hyndman & Khandakar, 2008). When data transformations were 
insufficient to addressed unmet assumptions, assumption-free testing was used. All data 
were processed and analyzed in R (R Core Team, 2019). 
Calculation of Numerosity Weber Ratios (𝒘). Calculation of each subject’s w 
scores proceeded in the same fashion as for experiment 1. Separate w scores were 
computed for the each of the unimodal and the multimodal conditions. MSI performance 
gains were computed as the difference between the most reliable unisensory signal (given 




16 In cases where bootstrapped estimates differ from those produced by the regression model, the difference 




Descriptive Statistics. The final sample for analysis consisted of sixty-eight adult 
participants (𝑛𝑓𝑒𝑚𝑎𝑙𝑒 = 45). Overall, the sample represented individuals with above-
average S-RSPM scores (?̅? = 17.015, 𝑠 = 7.023). The sample’s AQ (?̅? = 16.765, 𝑠 =
8.056) mirrors that of the general population (Baron-Cohen et al., 2001). The same 
relationship holds for SQ (?̅? = 23.515, 𝑠 = 11.971; Baron-Cohen et al., 2003). 
Diagnostic status was also recorded in this experiment. Six individuals in the sample 
disclosed having been diagnosed with an ASD (𝑛𝑓𝑒𝑚𝑎𝑙𝑒 = 2), and the sample’s trait 
scores did also extend into the range characteristic of individuals with an ASD (SQ: ?̅? =
35.7, 𝑠 = 15.3 [Baron-Cohen et al., 2003]; AQ: ?̅? = 35.8, 𝑠 = 6.5 [Baron-Cohen et al., 
2001]).17 There were significant differences in SQ scores between males and females 
according to Welch’s t-test (𝑡(45.362) = −2.1988, 𝑝 = 0.033; Table 5), consistent with 
prior research (Baron-Cohen et al., 2001; Baron-Cohen et al., 2003), emphasizing the 
value of biological sex as a covariate in the subsequent models. 
 Relationship Between AQ and SQ. As with the previous experiment, this 
experiment explored the relative contributions of SQ on numerical cognition performance 
above and beyond that predicted by AQ. Consequently, it was important to confirm the 
expected partial positive correlation between these two variables for the sample used in 
experiment two. Similar to the previous experiment, AQ and SQ exhibited a moderate 
positive correlation (𝑟(66) = 0.406, 𝑝 = .0006). 
 
 
17 The present sample includes 8 responses (11.8%) that would constitute unusually high ASD trait scores 
for an individual with an ASD (SQ > 49.7; AQ > 28.7). As noted in experiment 1, neither of these tools are 




Summary Statistics by Biological Sex 
 Female Male t p 
 n=45 n=23   
Age 21.289 (5.311) 22.174 (2.622) -0.75 0.455 
IQ 17.600 (6.405) 15.870 (8.131) 0.96 0.340 










 Number Sense Performance and SQ. The current study also examined the 
relationship between ASD traits and number sense acuity under both the unimodal 
conditions and the multimodal condition. The model-building process for assessing best 
model fit proceeded in the same fashion as in experiment 1. Controlled covariates of age, 
sex, and IQ were not significant in any of the tested models. For the visual, auditory, and 
multisensory conditions, models including AQ and SQ exhibited a statistically 
significantly better fit than the covariates-only model (Visual: 𝐹(2) = ⁡3.40, 𝑝 = 0.040; 
Auditory: 𝐹(2) = 23.188, 𝑝 < 0.001; Multisensory: 𝐹(2) = 3.20, 𝑝 = 0.048). In all 
conditions, SQ exhibited a significant effect on number sense (Visual: 𝛽𝑆𝑄 = 0.0023, 𝑝 =
0.019; Auditory: 𝛽𝑆𝑄 = 0.0053, 𝑝 < 0.001; Multisensory: 𝛽𝑆𝑄 = 0.0017, 𝑝 = 0.018) 
while controlling for the effect of AQ, while the reverse was not true (Visual: 𝛽𝐴𝑄 =
−0.0001, 𝑝 = 0.941; Auditory: 𝛽𝐴𝑄 = 0.002, 𝑝 = 0.171; Multisensory: 𝛽𝐴𝑄 =




Comparative Models Predicting Number Sense Acuity Across Conditions 
 Visual Condition Auditory Condition 
Multisensory 
Condition 
Intercept 0.1591 (0.0622) ∗ 0.0821 (0.0625) 0.0979 (0.0470) ∗ 
Age −0.0012 (0.0022) 0.0029 (0.0022) −0.0001 (0.0017) 
Sex 0.0193 (0.0221) 0.0062 (0.0222) 0.0157 (0.0167) 
IQ a 0.0001 (0.0015) −0.0017 (0.0015) −0.0002 (0.0011) 
AQ 0.0024 (0.0010) ∗ 0.0051 (0.0010) ∗∗∗ 0.0018 (0.0008) ∗ 
SQ −0.0002 (0.0016) 0.0022 (0.0016) −0.0003 (0.0012) 
R2 0.1447 0.4556 0.1334 
Adj. R2 0.0757 0.4117 0.0635 
Num. obs. 68 68 68 
 
a Given the scoring of the S-RSPM, scores are reported in a scale-dependent fashion, in 
contrast to the use of the WASI-II in experiment 1. 




experiment 1) that, both unimodally and multimodally, as SQ, but not AQ, increases, 
number sense decreases (Table 6). 
SQ-Dependent Losses Ameliorated by Multisensory Integration. The current 
study postulated that if number sense performance differences between individuals with 
low SQ and individuals with high SQ are the result of the effects of neural dysregulation, 
enhancing the stimulus signal should largely ameliorate those differences. To address this 
prediction, a model was fit predicting accuracy by SQ and stimulus condition with two 
levels, multisensory and highest unisensory. Significant effects were evident for both SQ 
(𝛽 = −0.001, 𝑝 = 0.012) and condition (𝛽 = 0.0757, 𝑝 < .001). Computing across the 
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range of measured SQ scores in the present sample (5 to 57) using these coefficients, it is 
evident that the gains of the multisensory condition are sufficient to ameliorate losses due 
to increasing SQ (Table 7).  
Multisensory Gain Across Levels of AQ and SQ. The current study predicted 
that number sense performance in the multisensory condition would be higher than 
number sense performance in the unisensory condition across all levels of AQ and SQ. A 
one-sample t-test was used to confirm that the multisensory gain across the sample to the 
test value of zero (𝑡(67) = 9.9088, 𝑝 < 0.0001). This confirms that the sample-wide 
MSI gain is positive (Figure 5). Next, another model was fit to the baseline model of 
covariates (age, sex, and IQ) including AQ and SQ as additional predictors to determine 
whether either variable predicted a change in multisensory gain (Table 8). There were no 
significant effects of any covariates in either model. A direct comparison of the two 




Models Testing Effect of MSI on SQ-Dependent Number Sense Losses 
 SQ Only SQ and Condition 
Intercept 0.8737 (0.0120) ∗∗∗ 0.8359 (0.0105) 
SQ −0.0009 (0.0005) ∗ −0.0009 (0.0004) ∗ 
Condition  0.0757 (0.0086) ∗∗∗ 
R2 0.0299 0.3880 
Adj. R2 0.0226 0.3788 
Num. obs. 68 68 
 











Multisensory Gain for Entire Sample 










Comparative Models of Multisensory Main Across Levels of AQ and SQ. 
 Baseline Model Full Model 
Intercept 0.0715 (0.0285) ∗ 0.0485 (0.0329) 
Age −0.0009 (0.0013) −0.0006 (0.0013) 
Sex 0.0102 (0.0124) 0.0061 (0.0130) 
IQ 0.0019 (0.0059) 0.0004 (0.0061) 
AQ  0.0005 (0.0009) 
SQ  0.0005 (0.0006) 
R2 0.0175 0.0478 
Adj. R2 −0.0285 −0.0290 
Num. obs. 68 68 
 




1.079, 𝑝 = 0.346). Investigating the model including AQ and SQ, it is evident that 
changes in neither predictor lead to changes in number sense acuity (𝛽𝐴𝑄 = 0.0006, 𝑝 =
0.477;⁡𝛽𝑆𝑄 = 0.0005, 𝑝 = 0.381). There is clear evidence for multisensory gain in the 
sample as a whole, and slopes of tested coefficients support the idea that multisensory 
gain occurs at statistically indistinguishable levels across the ranges of AQ and SQ scores.  
SQ and Variance of MSI Gains Across Ratio Bins. The current study predicted 
that as SQ, but not AQ, increases, variance of MSI gains across all ratio bins increases. To 
address this prediction, variance scores were first computed for each subject as the mean 
of the squared deviations of the MSI gain for a given ratio bin from the mean MSI gain 
for the subject across bins, given as 
 𝑉𝑎𝑟(𝑀𝑆𝐼) =






for a given subject 𝑖 and ratio bin 𝑗. As ratio bins were equally represented in the 
experiment, no weighting was employed. 
An initial model was built regressing subject’s MSI variance scores on age, sex, 
and IQ. A subsequent model fit with the addition of AQ and SQ was again compared to 
the baseline model. None of the controlled covariates in either model exhibited a 
significant effect on number sense acuity. The model including AQ and SQ did exhibit a 
better fit than the baseline model and indicated a significant effect of SQ on MSI gain 
variance (𝛽𝑆𝑄 = 0.0006, 𝑝 = 0.045); however, subsequent evaluation of model 
diagnostics suggested that these models did not meet multiple model assumptions. 
Specifically, diagnostics suggested that the response variable is significantly skewed 
(assumption of normality of errors) and the variance of the model residuals is not 
constant across the range of at least one predictor (assumption of homoscedasticity of 
errors). Consequently, bootstrapped coefficients were estimated using the car package 
(Fox & Weisberg, 2019). The bootstrapped confidence interval around the coefficient for 
SQ (Table 9) did not suggest a significant effect of SQ on MSI gain variance, against the 
prediction of the present study. Thus, there is not sufficient evidence to support the notion 
that increases in SQ are associated with increased variance in MSI gains. 
Peak MSI Benefit Across Ratio Bins. The current study predicted that 
participants would exhibit a peak level of MSI benefit past which additional high-level 
stimulus noise reduces net MSI benefits. To address this prediction, regression equations 
were fit predicting multisensory performance and maximum unisensory performance 
according to ratio bin while controlling for covariates. The maximum unisensory 




Bootstrapped Estimates Testing the Effect of SQ on MSI Variance 
 2.5% 97.5% 
Intercept -0.0095 0.0517 
Age -0.0015 0.0009 
Sex -0.0122 0.0158 
IQ -0.0043 0.0066 
SQ -0.0001 0.0009 
 




continued benefit of MSI against performance losses due to increasing ratio bin. The 
regression equation for the multisensory condition was set equal to the maximum 
unisensory performance to solve for the highest level of ratio bin past which MSI benefits 
were no longer sufficient to maintain a level of performance at or above the maximum 
unisensory performance, giving a peak ratio bin of .607 (Figure 6).  
To confirm this extremum for ratio bin, models were fit comparing linear and 
quadratic terms for ratio bin on the deviation scores of MSI performance from baseline 
performance (Table 10). The quadratic model produced a better model fit (𝑅𝑎𝑑𝑗
2 =
0.0157) than the baseline model (𝑅𝑎𝑑𝑗
2 = 0.0141) and produced the same peak ratio bin 
value of .607. These results are consistent with the current study’s proposal that there is a 
peak past which additional high-level stimulus noise reduces net MSI benefits. 
Logarithmic Growth Curve for MSI Recruitment. The current study also 
explored whether a multilevel analysis may be able to detect a logarithmic relationship 










Peak MSI Benefit Across Ratio Bins  
Note. Up to a certain point, MSI provides a net benefit relative to maximum unisensory 
performance. Past this peak value, additional stimulus noise reduces MSI benefits, 








Comparative Models Testing Peak Level of MSI Benefit 
 Baseline Model Full Model 
Intercept 0.1072 (0.0230) ∗∗∗ 0.1155 (0.0220) ∗∗∗ 
Age −0.0004 (0.0008) −0.0004 (0.0008) 
Sex 0.0145 (0.0078) 0.0145 (0.0078) 
IQ 0.0005 (0.0005) 0.0005 (0.0005) 
AQ −0.0006 (0.0005) −0.0006 (0.0005) 
SQ −0.0002 (0.0003) −0.0002 (0.0003) 
Ratio Bin 0.0391 (0.0148) ∗∗  
Ratio Bin2  0.0371 (0.0132) ∗∗ 
R2 0.0250 0.0266 
Adj. R2 0.0141 0.0157 
Num. obs. 544 544 
 




constraints of divisive normalization. Models were fit following the design of Hox et al. 
(2018). An initial empty model fitting only random intercepts was fit as a reference for 
subsequent model comparisons. The level-one predictor (ratio bin) was added as a fixed 
effect and expectedly produced significantly better fit according to a loglikelihood test 
(𝜒(1) = 170.01, 𝑝 < .001). Level-two fixed variables, including covariates, were then 
added in a series of comparative models and each was tested against the level-one model. 
The best fitting fixed-effect model when compared to the level-one model (𝜒(1) =
13.062, 𝑝 = .0003) was of the form 𝑤𝑀𝑆𝐼 = 1 + (1 + 𝑠𝑢𝑏𝑗𝑒𝑐𝑡) + 𝑏𝑖𝑛 + 𝑠𝑞. At this 
point, ratio was also included as a random term to allow varying slopes for each subject. 
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Again, a loglikelihood test revealed improved fit over the fixed-effects only model 
(𝜒(1) = 115.26, 𝑝 < .001). Adding a subsequent cross-level interaction between SQ and 
ratio bin did not improve model fit. 
With a best fitting multilevel linear model available, it was possible to test the 
prediction of a logarithmic function for MSI recruitment across ratio bins by refitting the 




MLM: Comparative Models for MSI Gains 
 Baseline Model Full Model 
Intercept 0.0819 (0.0134) ∗∗∗ −0.0493 (0.0128) ∗∗∗ 
SQ 0.0007 (0.0004) 0.0007 (0.0004) 
Ratio Bin 0.1540 (0.0180) ∗∗∗  
Log(Ratio Bin)  0.1510 (0.0184) ∗∗∗ 
AIC −1497.0237 −1571.6237 
BIC −1466.9311 −1541.5310 
Log Likelihood 755.5118 792.8118 
Num. obs. 544 544 
Num. groups: subject 68 68 
Var: subject (Intercept) 0.0033 0.0054 
Var: subject I(log10(ratio))  0.0145 
Cov: subject (Intercept) I(log10(ratio))  0.0081 
Var: Residual 0.0021 0.0026 
Var: subject ratio  0.0180 
Cov: subject (Intercept) ratio  −0.0063 
 




logarithmic predictive term for ratio bin and compared. Because these models are not 
nested, they could not be compared via loglikelihood tests. Consequently, the Akaike 
information criterion (AIC) was compared instead (Hox et al., 2018). The logarithmic 
model provided an improved model fit over the linear model (Table 11), suggesting that 
the best fit to the present data is consistent with a plateau of MSI recruitment at the upper 
end of the high-level stimulus noise range (Figure 7). Because AIC does not permit a 
formal goodness of fit test, a conservative interpretation is warranted. However, the 
results are, at the very least, consistent with the predictions made based on work 
suggesting a key role of divisive normalization in MSI. 
 
Discussion 
Experiment 1 demonstrated, as predicted, that as SQ increased number sense 
performance decreased. Experiment 2 not only replicated this finding, but demonstrated 
the same relationship across different modalities (vison and audition), as well as under a 
multisensory condition. The findings of experiment 2 further substantiate the claim that 
scores on the SQ reflect the subjective experience of number sense SNR such that, as SQ 
increases the experienced SNR for unenhanced number sense decreases. This claim is 
further substantiated by the finding that when the number sense signal was enhanced via 
multimodal presentation, losses occasioned by increasing SQ were ameliorated. 
The current study also found, as predicted, that number sense performance in the 
multisensory condition was higher than number sense performance in the unisensory 











Effect of High−Level Stimulus Noise and SQ on Multisensory Gain 
Note. MSI gains appear to approach a plateau as signal-to-noise ratio decreases for high-










MSI gains for both TDs and ASDs, on a variety of perception tasks (Feldman et al., 
2018). While this finding adds to the literature on MSI gains for number sense for TDs, 
this finding represents the first experimental support for MSI gains for number sense 
performance across levels of ASD traits.  
These findings also suggest that MSI may be an ideal candidate for number sense 
interventions in childhood. Although some studies have indicated less stability in MSI 
during childhood for individuals with an ASD (Brandwein et al., 2013), studies have also 
indicated that MSI training can affect earlier stabilization, especially when the 
intervention address the effects of attention on MSI (Magnée et al., 2011; Stefanou et al., 
2020). In other words, future studies could examine whether an MSI number sense 
training paradigm would potentially improve both MSI and number sense acuity for high 
ASD-trait individuals. 
Against prediction, the current study did not find differences in the variance of 
MSI gains across SQ. The current study also expected to find that a multimodal 
presentation would largely, but not entirely, ameliorate losses due to SQ. Somewhat 
against prediction, the current study found that these losses were entirely ameliorated for 
this sample. One possible interpretation may be that for both predictions the current study 
overestimated the degree of the effects of neural dysregulation on the SC. The current 
study expected that, as a moderately downstream region, the SC would be subject to the 
effects of an E/I imbalance resulting in both dysregulated (i.e., increasingly variable) 
integration of multiple sensory inputs and mean effects of noise on number sense 
performance (i.e., incomplete amelioration). These findings may suggest, however, that 
while the output of the SC is likely affected by overfit messages from primary sensory 
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cortex and underfit messages from association cortex, its position in compromised signal 
propagation pathways may not be so poor as to produce large effects of neural 
dysregulation.  
Although MSI studies typically focus on the difference between unisensory 
performance and multisensory performance (i.e., MSI gains) the trade-off between MSI 
gain and stimulus SNR losses has been less explored. The current study found, as 
predicted, that a quadratic predictor fit ideally to highlight the peak ratio bin for MSI 
gains and stimulus SNR losses. In other words, there is a point of stimulus SNR 
degradation past which any benefit from integrating another signal modality is 
outweighed by the cost of low stimulus SNR. This pattern was specifically found in the 
current study for a paradigm that manipulated high-level stimulus features; however, 
based on the principle of inverse effectiveness, it is expected that this same trend would 
be observed for manipulation of low-level stimulus features. Future studies would be 
needed to verify whether this pattern is also found for the manipulation of low-level 
stimulus features. As the current study has demonstrated that a number sense paradigm is 
useful for manipulating high-level stimulus features independent of low-level stimulus 
features, future studies could also use this paradigm to examine whether this quadratic 





The current study investigated numerical cognition in adults across ASD traits. 
Although previous findings examining math performance for individuals with a high-
functioning ASD have been highly variable, a closer look at the literature suggests a 
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pattern of childhood deficit followed by proficiency in adulthood. The current study has 
argued that this trajectory is consistent with the development of numerical cognition and 
an E/I imbalance account of ASD. Based on this account, learners with high ASD-trait 
scores would show impaired number sense acuity due to the compounding effects of 
neural dysregulation. The proposed consequence would be a delay in the acquisition of 
sufficient abstract representation of quantity on which to map number symbols. As the 
effects of neural dysregulation are proposed to be ameliorated by sufficient signal 
enhancement, performance on symbolic number and formal math (tasks enhanced via 
standardization) are proposed to be largely the same between TDs and individual with an 
ASD once number sense delays are accounted for. Consistent with this account, 
experiments 1 and 2 found a relationship between number sense performance and an 
ASD-related trait (i.e., as scores on the SQ increase number sense performance decreases) 
for visual, auditory, and multimodal conditions, as well as intact symbolic number and 
formal math performance across ASD traits.  
These findings, however, have some limitations. First, although the current study 
found a pattern of ASD-related deficits for number sense but intact symbolic number and 
formal math, this was found for adults and did not directly examine the developmental 
trajectory. It is recommended that longitudinal studies more directly examine the 
acquisition of numerical cognition over time across ASD traits. If the account of the 
current study is correct, it is expected that the majority of young children who are high in 
ASD traits will show lower number sense acuity than low ASD-trait peers, but that 
individual-level analyses would reveal improvement in numerical cognition over time 
that results in remediation for tasks with enhanced SNR.  
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Second, the findings of the current study are also limited by the education level of 
the sample used. As the majority of the sample consisted of university students, it may 
not reflect the math achievement levels of the general population. It is possible that a 
more inclusive sample would show SQ-related differences in symbolic number and 
formal math performance even in adulthood. It is recommended that future studies 
examine numerical cognition across ASD traits across a broader sample of adults to 
better understand whether formal math performance for this population continues to be 
problematic in adulthood. 
Finally, it warrants reiterating that while these studies were informed by 
established literature regarding individuals diagnosed with an ASD, the focus here has 
been on traits associated with ASD across a broader population. Consequently, 
implications specifically for individuals with clinically significant presentations should 
be taken with caution. It is recommended that future studies, when possible, investigate 
these variables in the context of both diagnostic status and trait scores to clarify the 
relationships between them. 
The current study also proposed that if the number sense deficits for this 
population are due to neural dysregulation, sufficient signal enhancement should 
ameliorate related losses. Using an MSI paradigm, the current study found that increasing 
the SNR of the number sense stimuli by adding a second stimulus modality ameliorated 
losses related to an ASD trait (SQ). The current study also demonstrated for the first time 
across ASD trait scores that MSI can improve performance on a number sense task. This 
finding not only highlights the possible benefits of MSI as a number sense intervention, 
but supports the idea that, in general, enhancing signal strength for number sense could 
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improve number sense acuity. It is recommended that future studies examine which 
methods of enhancement would be most beneficial for children high in ASD traits, 
including those diagnosed with an ASD. Although experiment 2 has demonstrated that 
MSI is a promising candidate, the results of experiment 1 also suggest that signal 
enhancement via standardization may be effective. For example, standardization may 
involve repeated exposure to nonsymbolic stimuli where a geometric feature (e.g., the 
orientation of items in a numerosity set) is held constant while other features (e.g., 
rotation of the set, total surface area of the set) are allowed to vary. This may reduce 
stimulus noise and allow students the opportunity to begin to abstract the numerosity rule 
before adding more complexity back into the stimulus. 
The current study also used experiment 2 as an opportunity to explore questions 
concerning both MSI and neural dysregulation. First, while many MSI studies have 
reported linear growth terms for MSI gains, the current study explored whether closer 
examination would reveal a logarithmic growth term due to the principle of divisive 
normalization. In other words, as the integration system reaches its upper processing 
limit, the growth rate in MSI gains would be characterized by diminishing returns due to 
saturation. The current study found, as expected, that as number sense ratio bin increased, 
the growth in MSI gains diminished logarithmically. As this was found for a paradigm 
manipulating high-level stimulus features, it is recommended that future studies explore 
whether the principle of divisive normalization would have the same effect on MSI gains 
when low-level stimulus features are manipulated. Future studies could also explore 
whether the principle of divisive normalization would predict that perceptual accuracy 
would show a quadratic term when stimulus SNR levels were pushed to both very high 
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and very low levels. In other words, it would be expected that performance improvement 
would diminish as task difficulty moved from easy to too easy, and performance 
degradation would diminish as task difficulty moved from hard to too hard, resulting in a 
non-linear term. 
Second, the current study used experiment 2 to explore the trade-off between 
performance improvement as a result of MSI and performance loss due to decreased 
stimulus SNR. The current study proposed that there is a peak level of stimulus SNR past 
which the benefit of adding a second stimulus modality is outweighed by the effects of 
low stimulus SNR. Regression analyses revealed that by using a quadratic term for 
stimulus SNR, the relationship between SNR performance costs and MSI benefits could 
be fit with peak ratio bin given at the function’s global extremum. As this was found for a 
paradigm manipulating high-level stimulus features, it is recommended that future studies 
explore whether a quadradic term is found when low-level stimulus features are 
manipulated. Moreover, as previously stated, future research would benefit from directly 
measuring neural correlates corresponding to numerosity processing (especially the IPS) 
alongside the phenomena observed in the present studies to more precisely parameterize 
the relationship between high-level stimulus SNR and neural activation (cf. Flevaris & 
Murray, 2015; Karten & Hirsch, 2015; Takarae et al. 2014). 
In conclusion, the findings of the current study support the notion that individuals 
who are high in ASD traits do not have a deficit in formal math per se, or a deficit in 
acquiring a symbolic number system, but rather struggle with number sense acuity in a 
fashion consistent with an E/I imbalance. In addition, the current study found support for 
the idea that SQ-related deficits in number sense performance can be ameliorated via the 
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enhancement of stimulus signal strength. These findings suggest that there may be ways 
to improve the early number sense acuity of learners who are high in ASD traits and, 
consequently, how they engage formal math. These findings may be able to inform 
valuable interventions for a population falling behind in a domain where they may have 
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